t 1

UNIVERSIDADE FEDERAL DO CEARA
CENTRO DE CIENCIAS
DEPARTAMENTO DE BIOQUIMICA E BIOLOGIA MOLECULAR
PROGRAMA DE POS-GRADUACAO EM BIOQUIMICA

FABRICIO EULALIO LEITE CARVALHO

CHLOROPLAST REDOX METABOLISM AND NPQ REGULATION IN
ARABIDOPSIS AND RICE EXPOSED TO EXCESSIVE LIGHT — NEW INSIGHTS
INTO PSIT PHOTOPROTECTION MECHANISMS

FORTALEZA
2016



FABRICIO EULALIO LEITE CARVALHO

CHLOROPLAST REDOX METABOLISM AND NPQ REGULATION IN
ARABIDOPSIS AND RICE EXPOSED TO EXCESSIVE LIGHT — NEW INSIGHTS
INTO PSII PHOTOPROTECTION MECHANISMS

Tese apresentada ao programa de pds-graduagao
em Bioquimica da Universidade Federal do
Ceara, como requisito parcial a obtencao do titulo
de Doutor em Bioquimica. Area de concentragio:
Bioquimica vegetal.

Orientador: Prof. Dr. Joaquim Albenisio Gomes
da Silveira (UFC-BRA)

Co-orientador: Prof. Dr. Alexander V. Ruban
(QMUL-UK)

FORTALEZA
2016



Dados Internacionais de Catal ogag&o na Publicacéo
Universidade Federal do Ceara
Biblioteca Universitaria
Gerada automaticamente pelo médulo Catal og, mediante os dados fornecidos pelo(a) autor(a)

C323c  Carvalho, Fabricio Euldlio Leite.
Chloroplast redox metabolism and npq regulation in arabidopsis and rice exposed to excessive light :
new insightsinto psii photoprotection mechanisms/ Fabricio Euldio Leite Carvalho. — 2016.
1711.:il. color.

Tese (doutorado) — Universidade Federal do Ceara, Centro de Ciéncias, Programa de Pés-Graduagéo em
Bioquimica , Fortaleza, 2016.

Orientacdo: Prof. Dr. Joaquim Albenisio Gomes da Silveira.

Coorientagdo: Prof. Dr. Alexander V. Ruban.

1. Altaluz. 2. APX tilacoidal. 3. H202. 4. Oryza sativa. 5. Quenching ndo-fotoquimico. I. Titulo.
CDD 572




FABRICIO EULALIO LEITE CARVALHO

CHLOROPLAST REDOX METABOLISM AND NPQ REGULATION IN
ARABIDOPSIS AND RICE EXPOSED TO EXCESSIVE LIGHT — NEW INSIGHTS
INTO PS11 PHOTOPROTECTION MECHANISMS

Tese apresentada ao programa de pos-graduacio
em Bioquimica da Universidade Federal do
Ceard. como requisito parcial a obtengdo do titulo
de Doutor em Bioquimica. Area de concentragdo:
Bioquimica vegetal.

Aprovada em 07 /07 7 2016

BANCA EXAMINADORA

Universidade Fedzral do Ceara (UFC)

C/Paw{ von fitor— Lo /Aceg._z aba

Prof. Dr. Claudivan Feitosa de Lacerda
Universidade Fedaral do Czard (UFC)

7 d

7 ProfDr. E(z';nﬁaT? Nascimento daSilva g
Univdrsidade Eslz dual do//Ceara (UECE)

~ Prof. Dr. Dzlcfiiio de Meneres Daloso
Universidade Fedzral do Ceara (UFC)

9 7 A = g \(
5 / ¢ // ) / Vs ‘;/,;;'/ _‘l/ \,‘
_ '._/,‘/./.ff;’f.q_sf«“'f""f‘ i et VO V0 i

Prof. Dr. Milton Costz Lima N'cmtob
Universidade Estadual Paulista (UNESP)



Agradecimentos (Acknowledgements)

Ao Prof. Dr. Joaquim Albenisio Gomes da Silveira, por orientar-me durante toda minha
jornada cientifica, desde a graduagdo até a conquista do doutorado. Por tantos sabios conselhos
e por todas as grandes oportunidades que sempre me concedeu. Obrigado.

To Prof. Dr. Alexander V. Ruban for promptly receive me in your excellent group, thank
you for open a new world of science to me. The way I see the world will never be the same.
Thank you.

Ao Prof. Dra. Marcia Margis-Pinheiro, por receber-me em Porto Alegre diversas vezes
e tantos experimentos envolvendo as plantas transformadas de arroz. Por sempre manter uma
porta aberta para mim e por tantas valiosas oportunidades. Obrigado.

A todos os membros convidados da banca avaliadora, por sua colaboragdao e
disponibilidade.

A minha amiga Ana Karla M. Lobo por tantas vezes me ajudar com os experimentos e
ndo me deixar esquecer os prazos e as provas. Obrigado.

Ao meu amigo Prof. Dr. Marcio O. Martins, por sempre me ajudar em todos os
experimentos, corregdes € todo o trabalho de bancada. Por suas valiosas dicas com IRGA.
Obrigado.

Ao meu amigo Prof. Dr. Milton C. Lima Neto, por sempre me ajudar a planejar os
experimentos e por todo seu apoio na bancada. Obrigado por seus ensinamentos de fluorimetria.

To my friend Dr. Erica Belgio, for help so much in London, for discuss my data and
teach me so many times. Thank you.

To my friend Max Ware, for promptly help in QMUL arriving, for help in the
experiments discussion and manuscript writing. Cheers mate!

To my friend Dr. Vasco Giovagnetti for help me in the lab work and keep so good
working environment. Grazie amico!

To dear Dr. Petra Ungerer, for help me so many times in lab work and being always so
kind. Thank you.

A todos os meus companheiros de LABPLANT, especialmente Jodo Victor, Lara,
Juliana e Adilton, sempre acessiveis e que tanto colaboraram por toda a jornada. Obrigado
amigos.

To all my friends in QMUL, especially Emma, Sunny, Jun, Amy, Yonglan, Ruth and
Chris, for always make me fell in home. Thank you.

A todos os colegas estudantes e pos-docs da UFRGS, os quais sempre colaboraram com

as pesquisas desenvolvidas durante toda minha formag¢do académica.



Ao Prof. Dr. Sergio Ferreira-Silva por ter me ajudado nos primeiros passos do
laboratério e durante toda a jornada. Muito obrigado.

Ao Prof. Dr. André L. Silva por sempre manter uma porta aberta e tantas vezes colaborar
com meu trabalho. Obrigado por tantas oportunidades.

A Prof. Dra. Aurenivia Bonifacio por toda colaboragio e auxilio, especialmente durante
0s meus primeiros anos de iniciagdo cientifica.

A todos os professores do DBBM que colaboraram muito para minha formacao
académica especialmente ao Prof. Dr. José Tadeu Abreu de Oliveira e Prof. Dr. Francisco de
Assis Paiva Campos. Muito obrigado.

A todos os colegas do DBBM que sempre me ajudaram nos momentos de necessidade.
Obrigado.

A todo o pessoal da limpeza e administracdo que sempre fazem o melhor de seus
esfor¢os para que possamos trabalhar em um ambiente agradavel e funcional.

A minha querida noiva e futura esposa Luana por sempre ser tio paciente e
compreensiva com meus esfor¢os em prol desse objetivo que foi o titulo de doutor. Obrigado
por sempre me apoiar € confortar-me nas horas em que tudo parecia impossivel e desesperador.
Obrigado por tanta paciéncia e serenidade mesmo com os longos meses de distdncia em outro
pais. Divido essa conquista com vocé, amor da minha vida.

Aos meus amados pais Aloizio e Betania que sempre me apoiaram por toda vida. Foi
deles que recebi as primeiras ligdes do mundo e as primeiras palavras de conforto. Gragas a
vocés pude perceber ainda muito jovem o quanto o mundo era grandioso € como era preciso
aproveitar a0 maximo o que ele tinha a oferecer. Testemunhei muitas horas de dificuldades e
sacrificios, mas, acima de tudo, serenidade e amor para sempre me oferecer o melhor que
podiam. Vocés me deram a vida e o mundo! Muito obrigado.

A Deus ¢ Nossa Senhora de Fatima, que sempre iluminaram meu caminho e me

trouxeram saude e coragem para trabalhar.

“Nao importa a altura da montanha ela nunca seré grande o suficiente para bloquear o sol.”

Provérbio chinés



RESUMO

Plantas sdo organismos sésseis e por sua natureza desenvolveram diversos mecanismos
ligados a maximizagdo da utilizagdo dos recursos primordiais disponiveis para sua
sobrevivéncia nas mais diversas condi¢des ambientais. Em condi¢des ambientais 6timas de
crescimento, a intensidade de energia absorvida a partir da luz incidente equivale a demanda
energética exercida pela atividade metabolica circunstancial da planta. Entretanto, na quase
totalidade dos casos, tais condigdes nao existem na natureza. O excesso de luz € caracterizado
por uma condi¢do ambiental na qual o organismo vegetal ¢ submetido a uma quantidade de
energia luminosa mais alta do que a capacidade de utilizacdo nas reagdes bioquimicas que
compdem o metabolismo celular necessario para o crescimento normal do individuo. Sendo
assim, o excesso de luz pode ser consequéncia de altas intensidades de luz incidente ou devido
a restricdes nas reacdes de consumo de poder redutor, especialmente assimilacdo de CO..
Portanto, plantas submetidas a estresse salino por exemplo, o qual esta muitas vezes associado
a uma restricdo de natureza estomadtica, podem apresentar estresse de excesso de luz, mesmo
sob intensidades moderadas de luz incidente. A energia excedente pode aumentar a
probabilidade da ocorréncia de reacdes colaterais tais como a formagdo das espécies reativas
de oxigénio (EROS). Essas moléculas de alta reatividade podem gerar diversos efeitos
negativos para o funcionamento celular, incluindo desnaturagdo de proteinas, peroxidagado
lipidica de membranas e fotoinibi¢cdo das atividades do fotossistemas II (PSII). A ocorréncia de
fotoinibi¢do ¢ extremamente negativa para o crescimento e desenvolvimento vegetal, afetando
a producao de alimentos global. Entretanto, pressdes evolutivas causadas pela sele¢ao natural
conduziram ao aparecimento de diversos mecanismos de protecao fotooxidativa. Entre as
respostas de fotoprotecao acionadas em vegetais, duas merecem especial destaque: a dissipagao
de energia na forma de calor (componente qE do quenching nao-fotoquimico - NPQ) e a
modulagdo da expressdo de genes ligados a rotas de sintese de antioxidantes enzimaticos € nao
enzimaticos. Em uma perspectiva sistémica, entretanto, nenhuma dessas respostas ocorre de
maneira isolada em uma célula vegetal. Contrariamente, esses mecanismos interagem de
maneira continua e interdependente, partilhando substratos e rotas de sinalizacao, e, deste
modo, conduzindo a aclimatagao da planta as condi¢des de excesso de luz.

O presente estudo de doutorado objetivou primariamente aprofundar os conhecimentos
existentes acerca dos papéis do NPQ na fotoprotecdo de plantas. Com esse intuito, plantas
modelo da espécie Arabidopsis thaliana L. foram utilizadas para entender as dindmicas
fotossintéticas em resposta ao excesso de luz. Uma metodologia pioneira para a detec¢do de
fotoinibi¢do, baseada em técnicas de fluorimetria da clorofila a relacionadas a quantificagdo do
quenching fotoquimico medido no escuro, subsequente a um periodo de iluminagio (qPd) foi
utilizada. Essa metodologia permite a quantificagdo dos primeiros indicios de fechamento
permanente dos centros de reagao do PSII (RCII) e possibilita a quantificagdo da fracao de NPQ
que de fato contribui para a fotoprotecao (pNPQ). Plantas de Arabidopsis de diferentes idades
foram utilizadas, objetivando-se a aplicagdo da metodologia em um problema fisioldgico
relevante. Os resultados obtidos nesse estudo sdo apresentados no capitulo 2 do pressente
trabalho e evidenciam que: a) plantas de Arabidopsis apresentam maior susceptibilidade a
fotoinibi¢@o nas fases juvenil e senescente da ontogénese, b) a fotoproteg¢ao foi positivamente
associada com a maior eficiéncia de formagdo do pNPQ e contetido total de clorofilas; ¢) a
maior susceptibilidade a fotoinibicdo coincidiu com o acimulo de EROS nas fases juvenil e



senescente ¢ d) o uso da técnica baseada no qPd foi bem sucedido, evidenciando o potencial
para futuras aplicacdes em outros contextos eco-fisiologicos.

Posteriormente, buscou-se um maior entendimento acerca dos mecanismos inerentes ao
parametro pNPQ. Utilizou-se uma abordagem simplificada consistindo em apenas trés fases
ontogenéticas de plantas de Arabidopsis no intuito de investigar os processos de conhecido
envolvimento com a formacao do qE, apH, relacdo violoxantina/zeaxantina e quantidade da
proteina PsbS. Esses dados estao relacionados no capitulo 3 do presente trabalho e evidenciam
que: a) plantas senescentes e juvenis apresentam menor quantidade de PsbS e formacgao de apH
respectivamente em comparagdo a plantas maduras, b) as plantas maduras apresentam maior
quantidade de pigmentos xantofilas que, em combinagdo com maiores niveis de clorofila
reportados anteriormente, podem explicar uma maior eficiéncia e potencial na formagao de qE,
o qual estaria intimamente ligado ao pNPQ.

Finalmente, o presente trabalho de doutorado buscou a aplicagdo dos conhecimentos
gerados acerca das novas técnicas de detec¢ao da fotoinibicdo e pNPQ em uma planta modelo
de interesse agrondmico, arroz (Oryza sativa). Objetivando-se investigar a relagdo das EROS
com os processos de fotoprotecdo associados ao pNPQ, plantas de arroz silenciadas por meio
de RNAI para a expressao das APX de tilacoides (APXS8) foram empregadas. Os resultados
obtidos nesses estudos se encontram no capitulo 4 da presente tese e evidenciam que: a) em luz
moderada, plantas silenciadas (apx8) apresentam maior susceptibilidade a fotoinibicao
associada a menor acumulo de biomassa e menor produtividade, b) essas caracteristicas das
plantas apx8 provavelmente estiveram ligadas a menor eficiéncia de formagao de pNPQ e qE,
c) as diferengas relacionadas ao pNPQ provavelmente estiveram associadas com menor
conteudo de clorofilas e maior acimulo de EROS nas plantas apx8, evidenciando novamente a
importancia desses fatores com a capacidade de fotoprote¢do em plantas e d) durante a
aclimatagdo ao excesso de luz, a auséncia da APXS8 ¢ compensada por outras peroxidases,
levando a redugdo nos niveis de EROS e provavelmente recuperacao dos niveis de clorofila,
que levam a uma recuperacao do fenétipo evidenciado em luz moderada.

Conclui-se com a presente tese que o uso das metodologias relacionadas a determinagao
do qPd para estudos de integridade dos RCII foi eficaz para duas espécies distintas, Arabidopsis
thaliana e Oryza sativa. Adicionalmente, os resultados indicam que a eficiéncia de formagao
do pNPQ parece ser um fator determinante para a capacidade de fotoprotecao, que por sua vez
¢ dependente do contetido de pigmentos fotossintéticos, especialmente clorofila e carotenoides,
assim como eficiéncia do metabolismo antioxidativo. Essas relagdes sdo primeiramente
descritas no presente trabalho de doutorado e apresentam potencial de aplicacao futura em
estudos envolvendo obtengdo de plantas mais tolerantes ao excesso de luz. Tais condigdes de
excesso de luz sdo recorrentes em diversas regides do mundo, mas especialmente importantes
em regides do semidrido do nordeste do Brasil, onde se encontram em combinagdo com outros
fatores de estresse abiodtico, tais como seca e alta salinidade do solo. Espera-se com essas
descobertas, contribuir para o conhecimento cientifico da 4rea de bioquimica vegetal e,
posteriormente, possibilitar sua aplicagdo em ambito do desenvolvimento agricola regional.

Palavras-chave: Alta luz, APX tilacoidal, H>O», Oryza sativa, quenching nao-fotoquimico.



Abstract

Plants are sessile organisms, which evolved from aquatic environment to land. This crucial
change in habitat opened a new word of resources, but also generated numerous adaptive
challenges. Among these defies, sustain photosynthesis under an excessive light environment
consist in one of the most important adverse factors to be overcame by plants. Excessive light
is defined as the light absorbed by plants, which exceeds their photosynthetic capacity. Under
such conditions, the over-accumulation of oxygen reactive species (ROS) could lead to
impairment on photosystem two reaction centers (RCII), generating photoinhibition and
affecting negatively crop productivity. In this sense, the development of photoprotective
mechanisms was essential for plants surviving. Among such mechanisms, non-photochemical
quenching (NPQ) and antioxidative metabolism have been intensively studied. However, the
real importance of such photoprotective mechanisms and the possible integrative processes
which connect NPQ and redox metabolism still not totally understood. The present study
addressed to comprehend the integrative mechanisms underlying NPQ and antioxidative
processes in two different plants species: one classic plant model (Arabidopsis thaliana) and
one important crop model (Oryza sativa). In order to reach such objectives, first was employed
new fluorimetric-based methodologies related to photoinhibition quantification, involving
photochemical quenching measured in the dark subsequently illumination (qPd) and the
fraction of NPQ formed which was related to photoprotection (pNPQ). The use of this
methodology was well succeed with A4.Thaliana plants under an important physiological
problem: light tolerance during plant ontogenesis. The importance of ROS accumulation during
less tolerant developmental phases (juvenile and senescent) and chlorophyll concentrations
were discussed. Subsequently, the mechanisms underlying pNPQ formation were investigated
in the same model, which revealed the importance of combined adjustments in PsbS protein
expression, delta pH formation and zeaxanthin/violaxanthin pigment contents for
phototolerance during A. thaliana ontogenesis. The importance of total xanthophyll pool in
pNPQ generation was evaluated. Finally, the current study attempted to employ the
methodology involving qPd in a crop model (rice) knockdown for thylakoidal ascorbate
peroxidase isoform (APXS8 proteins; apx8 = transformed plants). The data revealed new
importance for APX8, which were more sensitive to light, specially under moderate growth
light (400 umol m? s') compared with non-transformed (NT). Transformed apx8 plants
accumulated less chlorophyll, over-accumulated H>O» and presented impairment on thermal
component of NPQ (qE) formation. Under high light intensities growth conditions (4 days),
apx8 plants activated compensatory mechanisms which were probably effective as
photoprotective mechanism.

Key-words: High light, thylakoidal APX, H>O., Oryza sativa, non-photochemical quenching.
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OBJECTIVES

Plants exposed to excessive light needed to develop several mechanisms of
photoprotection as a response of evolution pressures. Therefore, in order to reach new insights

into PSII photoprotection mechanisms, the current thesis had the following objectives:

1. Perform a deep and integrative review in order to understand the current state-of-the-art
in terms of photoprotection of PSII reaction centers;

2. Employ new methodologies related to PSII photoinhibition monitoring and NPQ study
and, subsequently, associate these results with oxidative stress;

3. Compare the results obtained with the use of these new methodologies with classical
methodologies regarding qE-related processes.

4. Employ the new knowledge obtained for tracking the PSII photoinhibition to better

understanding the importance of thylakoidal ascorbate peroxidases in rice crop models.
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1. Introduction

Plants are sessile organisms, which evolved from aquatic environment to land at least 475
million years ago (Wellman et al., 2003). This crucial change in habitat opened to plants a new
word of resources, but also generated numerous adaptive challenges (Goss and Lepetit, 2014).
Among these defies, sustain photosynthesis under an excessive light environment consist in one
of the most important adverse factors to be overcame by plants (Ruban, 2015). Indeed, plants
are exposed to a wide variation in light intensity incidence, which are main provoked by
occasional shadowing (cloud movements, canopy competition, etc.) and seasonal variations
(Raven, 1984). Nevertheless, for several plants species excessive light is a very usual condition.

Excessive light is defined as the light absorbed by plants, which exceeds their
photosynthetic capacity (Li et al., 2009a). This concept is very distinct from high light, which
in turns, is conditional, relative and restricted to a comparison between different light regimes,
and, therefore, is not suitable to define a stressful condition. Indeed, excessive light can occur
even under relatively low values of photosynthetic photon flux density (PPFD), according to
studied species and circumstantial metabolic demand (Silveira and Carvalho, 2016). Excessive
light conditions could generate high levels of reduced power in thylakoid membranes, which
can lead to photosystem II (PSII) reaction centre (RCII) photodamage (Demmig-Adams et al.,
2012). In addition, excessive reduced power favours over-production of reactive oxygen species
(ROS), which are closely related to membrane damage (Shigeoka and Maruta, 2014),
photoinhibition (Nishiyama et al., 2011) and even plant death (Foyer and Noctor, 2003).

Consequently, to plants survive under excessive light; evolution pressures have selected
several photoprotective mechanisms (Ruban, 2015). These mechanisms are specifically
associated to minimization of light energy input into photosystems and/or optimization of
metabolic energy sinks (Foyer et al., 2012). Moreover, these responses are species-dependent

and complexly regulated during excessive light response (Li et al., 2009a). If plants are able to
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successfully activate defence mechanisms and sustain homeostasis, the organism becomes
acclimated and, if the trait is stabilized throughout generations, the species is considered
adapted (Souza and Liittge, 2015). The current review is focused on main mechanisms related
to photoprotection and photosynthetic homeostasis maintaining under excessive light
conditions. Moreover, since none of these defence mechanisms act independently in a complex
context such as plant cell, it will be given a special focus on integrative routes involving such

mechanisms.

2. Photosynthesis and excess light

2.1. Photosynthesis, a general overview

Photosynthesis is the primordial metabolic process associated to life sustaining in planet
Earth (Raven, 1984). By this process, photons are harvested by photosynthetic organisms and
utilized to generate reducing power (reduced ferredoxin, NADPH and ATP). Subsequently, this
energy is employed by different metabolic processes of plant cell, according to circumstantial
demand (Blankenship, 2013). Among these processes, light-dependent CO; assimilation is
believed to be the most important energetic sink in green tissues (Foyer et al., 2012; Silveira
and Carvalho, 2016). However, in nature, light and CO; amounts greatly vary according to
oscillations in environmental conditions. Thus, to succeed for millions of years, land plants
needed to rise a very complex system related to photosynthesis optimization including both
photochemical and CO; assimilation phases (Ruban, 2015).

A chain involving several protein-pigment super-complexes are the site of
photochemical reactions in higher plants, which can be summarized in the following four key

events:
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1) Quantum energy from light photons are promptly harvested by antenna
complexes;

2) This energy is employed to H>O splitting and oxygen evolution at PSII reaction
centre (RC);

3) Electrons obtained from water splitting are carried through an electron transport
chain producing a proton gradient between lumen (acid) and stroma (basic) into
chloroplasts. This gradient is a key event related to several other processes such
as ATP synthesis.

4) At PSI, electrons are used in NADP" reduction, producing NADPH (Hill and

Bendall, 1960).

The NADPH and ATP generated in photochemical activity of thylakoid membranes can
be utilized as energy source for several different metabolic processes, such as CO; assimilation
in Calvin cycle reactions. Indeed, CO; assimilation is believed to be the most important electron
sink for PSII. Carbohydrates generated as consequence of Calvin cycle activity, such as sucrose,
can be transported to different plant organs, which is crucial to sustain plant growth and

development. Calvin cycle pathway involves the following three main events:

1) Carboxylation phase, which is the most primordial reaction related to CO-
assimilation (considering C3 plants) and is catalysed by the most abundant protein
in Earth planet, ribulose-1-5-bisphosphate carboxylase/oxygenase enzyme
(Rubisco), which can use both CO; and O; as substrate;

2) Reduction phase. At this phase are produced phosphor-trioses, which are important

precursors for carbohydrate synthesis. A great fraction of reducing power produced
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by photochemical activity in thylakoid membranes is therefore utilized in this
photosynthetic phase;

3) Regeneration phase, which encompasses regeneration of ribulose-1-5-bisphosphate,
restarting the cycle (Calvin and Benson, 1948). This phase involves several enzymes
such as sedoheptulose-bisphosphatase and fructose-bisphosphate aldolase, which

are activated by light.

2.2. PSII-LHC super-complexes, the main core of higher plants photochemical activity

Photosynthesis is a very complex metabolic process, which involves multiple
interconnected sub-processes. Evidently, to none of these sub-processes can be considered as
more relevant in terms of promoting understanding of higher plants responses, which can lead
to excessive light resistance (Silveira and Carvalho, 2016). Nevertheless, in order to maintain
current study focus on integrated photoprotective mechanisms, which allow plants support
photosynthesis under excess light, a deeper comprehension into PSII-LHC super-complexes
structure is required. The PSII super-complex is a protein-pigment system present in thylakoid
membranes of higher plants, at stacked grana sites, which are categorized in two distinct sub-

complexes:

a) Light harvesting complex (LHC) PSII antennas, which is related to light energy
capture and energy partition;

b) PSII core, which encompasses PSII reaction centers (RC) intrinsic proteins. These
proteins are involved in oxygen evolving complex (OEC), where H>O splitting is
associated with Oz evolution (Bricker et al., 2012; van Amerongen and Croce, 2013;
Pagliano et al., 2013).
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c) PSII extrinsic proteins, which are associated with OEC activity enhancement,

despite been not indispensable for O> evolution Bricker et al., 2012).

Recent structural studies have reported PSII-antenna as organized into four (two
strongly binding and two moderately binding) major antenna complexes (LHCII) (van
Amerongen and Croce, 2013). LHCII, in turns, consist of one trimeric unit: Lhcb1, Lhcb2 and
Lhcb3 proteins (Horton and Ruban, 2005; van Amerongen and Croce, 2013) and three
monomeric proteins containing two independent monomers each (minor antennas), referred as
CP29 (Lhcb4), CP26 (Lhcb5) and CP24 (Lhcb6) proteins (van Amerongen and Croce, 2013).
It is well known that antenna proteins are capable to bind several pigment molecules, such as
chlorophyll a and b, lutein (Lut), violaxanthin (Vx)/zeaxanthin (Zx) and neoxanthin (Nx) (Peter
and Thornber, 1991).

These pigment-protein complexes are also related to non-photochemical quenching
(NPQ) formation and excess energy dissipation as heat qE (Ruban et al., 2012). This process is
strongly dependent on roles of Lhcb4 in LHC macro-structural organization (de Bianchi et al.,
2011) and the presence of subunit S of PSII (PsbS) (Funk et al., 1995). PSII core complex is
probably composed by about 20 subunits (Umena et al., 2011; van Amerongen and Croce,
2013). At least seven subunits are believed to be indispensable for water splitting and oxygen
evolving process, including CP47 (PsbB), CP43 (PsbC), D1 (PsbA), and D2 proteins (PsbD).
Additionally, a (PsbE) and B (PsbF) subunits of cytochrome b559 and 4.8 kDa Pshl gene
product also belong to PSII core (Bricker et al., 2012; van Amerongen and Croce, 2013). A

hypothetic PSII tri-dimensional structure can be visualized in figure 1.
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DI p2  Local 5C2-axis Cyt b559 Cytoplasm

PsbZ

PsbL PsbTc

Figure 1. Crystal structure of PSII at 3.0 A resolution from Thermosynechococcus elongatus.
(a) Side view of PS II dimer along with the membrane plane. (b) The arrangement of TMHs
and cofactors seen as a top view of PS II dimer perpendicular to the membrane plane from the
lumenal side. Major protein subunits are coloured as follows: D1 (green), D2 (red), CP47
(orange), CP43 (purple), a - and B — subunits of Cyt b 559 (cyan), and the three extrinsic proteins
33 kDa (cyan), Cyt ¢ 550 (pink), 12 kDa (deep blue). Cofactors are shown as: chls (green),
carotenoids (yellow), lipids (deep blue), Q A and Q B, Pheo (blue), Mn, Fe and heam ring of
Cyt (red), and Ca (yellow). Copied from Shen et al., (2008) - Wiley-VCH Verlag GmbH & Co.
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2.3. Excessive light and photoinhibition

The majority of plants in nature are not exposed to optimal environmental conditions
for growth (Goh et al., 2012). Indeed, for the most conditions high incident light (high input)
or impairment of CO; assimilation (low output) and in other important metabolic processes can
lead to photosynthetic unbalance, which is a serious threat for plants surviving (Ruban, 2015).
This condition is defined as excess light stress (Fig. 2). Excess light stress may be particularly
a relevant condition for tropical and equatorial regions, where radiation can reach very high
levels between periods of cloud cover. Here, the average annual solar irradiation can exceed
1800 kWh/m?, typical of dry seasons in the tropics (Murchie et al., 2015). Regions such as
Central Luzon in Philippines and Central and East Java in Indonesia can receive accumulative
annual solar irradiation of more than 2200 kWh/m? (Murchie et al., 2015). Moreover,
combination of high light irradiance and drought, or salt stress, both usual conditions in semi-
arid regions could severely aggravate excessive light stress in plants (Ferreira-Silva et al., 2011;
Silva et al., 2015; Silveira and Carvalho, 2016).

Plants exposed to excess light accumulates more reducing power than circumstantial
energetic demand (Li et al., 2009a; Takahashi and Badger, 2011; Goh et al., 2012). Under these
conditions, several side-reactions associated to photosynthetic electron transport chain become
more probable, such as reduction of O; at PSII (Zulfugarov et al., 2014) and PSI (Asada, 1999),
producing ROS. Indeed, plant cells can produce high levels of ROS even under optimal growth
conditions, but, in an excessive light state, ROS levels can over-accumulate (Foyer and Noctor,
2003; Goh et al., 2012; Shigeoka and Maruta, 2014). Moreover, over-accumulation of ROS in
chloroplasts is one of the most important factors associated to photoinhibition (Takahashi and

Badger, 2011; Murchie et al., 2015)
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Figure 2. Light response curves for photosynthesis compared with the rate of light absorption.
Figure copied from Li et al., (2009a) - Annual Review of Plant Biology.

Photoinhibition is the reduction of photosynthetic rate in response to conditions of
prolonged or pronounced excess light absorption. Under excessive light conditions, double
reduction of plastoquinone (PQ) pool ceases the electron transport, which inhibits PSII activity.
In addition, charge recombination reactions occurring in the inhibited PSII are more likely to
lead to triplet state of the primary donor (P680), favouring production of oxygen singlet (Aro
et al., 1993). Photoinhibition of PSII occurs in consequence of the produced singlet oxygen as
well as by weakly coupled chlorophyll molecules (Goh et al., 2012). It has been therefore
considered that, even in a healthy leaf, oxygen evolving complex (OEC) does not always
function in all PSII centres, and these RC are prone to a rapid and irreversible photoinhibition
(Goh et al., 2012).

At PSI level, Mehler-reaction is capable to also reduces O» generating superoxide ions
0:* and in a subsequent reaction catalysed by superoxide dismutase (SOD), O,* is rapidly
converted in H2O2 (Mehler, 1951). Hydrogen peroxide is capable to easily transpose organelles
membranes and defund to virtually all cellular compartments (Mubarakshina et al., 2010).
Moreover, H20: is believed to be associated with several signalling routes involved in plant
abiotic stress responses, modulating gene expression and enzymatic activities (Karpinski et al.,
1997; Desikan et al., 2001; Mhamdi et al., 2012; Karpinski et al., 2013; Corpas, 2015). In
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opposition, when H>O» is over-accumulated in plant cells, this molecule is able to interfere in
elongation factor G, affecting D1 de novo synthesis and generating impairment in RC repair
mechanisms (Nishiyama et al., 2011). Figure 3 summarises ROS-dependent photoinhibitory

mechanisms involving elongation factor G and PSII RC repair mechanisms.
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Co-translational insertion

ATP and GTP

Figure 3. A schematic representation of the interactive regulation of photosynthesis and protein
synthesis. In light, reducing equivalents that are generated by the photosynthetic transport of
electrons (e—) are transmitted to EF-G via thioredoxin-dependent (Trx-dependent) redox
pathways. The resultant reduction of EF-G activates the translational machinery, leading to
induction of the synthesis of the D1 protein and other proteins. The repair of PSII, in turn,
requires the synthesis de novo of proteins and, in particular, that of the D1 protein. High levels
of ROS, produced by the photosynthetic machinery, interrupt the redox signals by maintaining
EF-G in an oxidized state and, consequently, they suppress protein synthesis that is required for
the repair of PSII. Copied from Nishiyama et al., (2011) - Physiologia Plantarum.

Consequently, production and accumulation of ROS is one of the main side effects of
imbalance generated by excessive light. The high reactivity of ROS may lead to damages in
thylakoid membranes, protein carboxylation and DNA damage (Takahashi and Badger, 2011;
Shigeoka and Maruta, 2014). Thus, in order to survive at different environmental conditions
related to excessive light, higher plants needed to develop several mechanisms of
photoprotection (Takahashi and Badger, 2011). These mechanisms can be resumed into two
main strategies: a) decreasing energy input, which encompass several mechanisms, such as leaf
and chloroplast movements, PSII antennas-RC connectivity, reversible photoinhibition and
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NPQ; b) increase of energy output, which involves stimulation of CO, assimilation, higher
photorespiratory activity, triggering of antioxidant defences, induction of NOs" assimilatory
metabolism and activation of other reductant metabolic processes (Takahashi and Badger,
2011; Silveira and Carvalho, 2016). In figure 4, is possible to summarise the main mechanisms

related to photoprotection in plants (Takahashi and Badger, 2011).

(a) § (b) (©)
Leaf § Chloroplast
movement movement
+ Screening of
\7 photoradiation
[
+ Chloroplast

(f) (9) Rubisco

o RuBP
< DHAP
CEF € Calvin
cycle
il P Glycerate-3-P Glycolate-2-P

ADP+PI
NADP* ATP Photorespiratory
HO 1O, H+ H* NADPH pathway
+ H*
He H

Thylakoids

TRENDS in Plant Science

Figure 4. Examples of leaf and chloroplast mechanisms involved in minimizing
photoinhibition of PSII. (a) Leaf movement. Leaves move to minimize the absorption of
excessive light. (b) Chloroplast movement. Chloroplasts change their position to minimize the
absorption of light. (¢) Screening of photoradiation, for example, UV screening by phenolic
compounds in epidermis cells. (d) ROS scavenging. O> produced at PSII is scavenged by
membrane-bound a-tocopherol and carotenoids. O2” and H20: produced at PSI are scavenged
enzymatically and non-enzymatically by ascorbate. (e) Thermal energy dissipation of absorbed
light energy (qE). qE dissipates light energy absorbed by photosynthetic pigments as heat at
minor light-harvesting proteins. (f) CEF around PSI. CEF includes both the NAD(P)H
dehydrogenase complex-dependent and PGRS5-dependent pathways and helps to generates apH
across the thylakoid membrane. (g) Photorespiratory pathway. Glycolate-2-P generated by the
oxygenase reaction of Rubisco is recycled into the Calvin cycle intermediate glycerate-3-P
through the photorespiratory pathway. Reproduced from Takahashi and Badger (2011) - Trends
in Plant Science.
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3. Photoprotective mechanisms

In order to survive under different light conditions as previously mentioned, natural
selection pressures have induced the development of several different strategies to optimization
of light capture and energy use in plants (Ruban, 2015). Some of these strategies are related to
maximization of light capture, which include emergence of antenna complex structures,
increases in proportion of antennas/RC ratios and optimization of light quality use by processes
such as PSII/PSI state transitions (Puthiyaveetil et al., 2012). These mechanisms are generally
associated to shadowing and low light conditions and will not be focused on current review. In
contrast, under excessive light, a very usual situation, several other mechanisms related to
minimization of over-accumulated energy are described in literature (Takahashi and Badger,

2011; Goh et al., 2012). These mechanisms are now focus of the next section.

3.1. Leaf position and light incidence

Position of leaves related to predominant incidence angle of light is a very important
phenomenon and have been target of several studies during the last five decades (Kriedeman et
al., 1964; Murchie et al., 1999; Fourcaud et al., 2008; Baccar et al., 2011; Burgess et al., 2015).
Indeed, two main factors are primordial for photosynthetic activity of individual leaves:
disposition of leaves in relation to the incidence of light and the inherent optical proprieties of
leaves (Kriedeman et al., 1964). Individual leaf photosynthetic light intensity is proportional to
cos 0, where 0 is equivalent to the light incidence angle (Kriedeman et al., 1964). In addition, 0
can deeply vary in according to species and even inside the canopy of a same individual

(Murchie et al., 1999).
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Plant canopy are complex three-dimensional objects with a great variability in leaf
size, shape, area, angle, curvature, twisting, and clumping (Burgess et al., 2015). These
properties are especially important for studies involving gramineae plants, such as rice and
wheat (Kriedeman et al., 1964; Murchie et al., 1999; Fourcaud et al., 2008). In these plant
species, young leaves can exhibit 90° on light incidence angle and, under such conditions, cos
0 equals to zero. Thus, differences in leaves positioning can represent a great strategy of
photoprotection for several plant species, especially at physiological phases where leaves are
particularly less light-tolerant (Carvalho et al., 2015). Interestingly, several plant species
evolved complex physiological mechanisms associated to leaf movements, which, in turns can
actively modulates 0 angle of light incidence, and protect photosystems from photoinhibition
under excessive energy (Takahashi and Badger, 2011).

Heliotropism, the leaf movement related to sunlight angle of incidence, consists in two
distinct movements: diaheliotropism (leaf blade becomes oriented perpendicular to the angle of
light incidence) and paraheliotropism (leaf blade becomes oriented perpendicular to light
incidence angle). Especially, paraheliotropism is associated with minimizing energy capture,
consisting in a photoprotective mechanism (Kao and Forseth, 1992; Pastenes et al., 2005).
Paraheliotropism movements can reduces photoinhibition under excessive light conditions by

two main strategies:

a) Reducing light input into antennas super-complexes by alterations in 6 angle;
b) Reducing the probability of ROS generation, because of lower energy
accumulated in thylakoid membranes, and therefore avoiding detrimental

effects of ROS in PSII repair mechanisms (Takahashi and Badger, 2011).

In addition to leaf movements, chloroplast movements into mesophyll cells are also

believed to act as important photoprotective mechanisms in plants under excessive light
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conditions (Takahashi and Badger, 2011). In A. thaliana plants, two proteins have been
characterized as photoreceptors phototropin 1 (PHOT1) and phototropin 2 (PHOT2) and as
essential to chloroplast movement (Sakai et al., 2001; Kasahara et al., 2002; Oikawa et al.,
2003). The mechanistic basis of leaf chloroplast movements are actin filaments and chloroplast
outer envelope protein CHUPI is believed to be very important for this photoprotective

mechanism (Takahashi and Badger, 2011).

3.2. Modulation of LHC-PSII genes/proteins and chlorophyll content under excessive light

Plants have evolved several different mechanisms to avoid excessive input of light
energy into photosynthetic electron carriers. These mechanisms include active modulation in
the organization and/or abundance of protein complexes in thylakoid membranes (Timperio et
al., 2012), decreased levels of major chlorophyll a/b-binding light-harvesting complexes in
relation to of reaction centers (Borisova-Mubarakshina et al., 2015), higher chl a/b ratios
(Bailey et al., 2001; Ballottari et al., 2007), and modulation of PSII/PSI ratios (Puthiyaveetil et
al., 2012; Borisova-Mubarakshina et al., 2015). Nevertheless, Zivcak et al., 2014 working with
barley leaves concluded that decrease of chl a/b ratios in low light conditions strongly depends
on plant species (Zivcak et al., 2014). Moreover, the authors evoked the theory of PSII
connectivity to explain obtained data. According to this theory, PSII RC’s are interconnected
and excitation energy should be distributed among then under illumination (Kramer et al.,
2004). If it is true, the sigmoidal shape of fluorescence induction could affect the efficiency of
utilization of absorbed light for trapping electrons in RC and hence, it should reflect on the
entire fluorescence kinetics (Zivcak et al., 2014).

Despite these interesting results, it was widely reported excessive light as capable to
modulate several nuclear genes associated to photosynthesis (Murchie et al., 2005; Li et al.,

2009a). Several regulation mechanisms are related to control the synthesis of chlorophyll by
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regulation of various intermediates of tetrapyrrole synthesis, such as 5-aminolevulinic acid -
ALA (Li et al., 2009a). Moreover, increased Mg-Proto levels in plants exposed to
photooxidative stress have been reported in the literature (Strand et al., 2003; Strand, 2004). In
addition, ROS levels are believed to be related to accumulation of Mg-ProtoMe (Aarti et al.,
2006). Figure 5 shows some of the most important routes of chloroplast signalling responses

related to excessive light.
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Figure 5. Schematic diagram of a plant/algal cell showing the locations and interactions of
some of the sensing and signalling molecules that are involved in responses to excess light.
Dashed arrows indicate diffusion or transport of a molecule. cyt b6/f, cytochrome b6/f complex;
GSH, glutathione; Mg-ProtolX, Mg-protoporphyrin IX; qE, pH-dependent regulation of
photosynthetic  light harvesting; PS, photosystem; PQH2, plastoquinol; PChlide,
protochlorophyllide; Trx, thioredoxin; VDE, violaxanthin de-epoxidase. Reproduced from Li
et al., (2009) - Annual Review of Plant Biology.
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Regulation of LHCB genes expression have recently been related to HoO>-dependent
signalling pathways (Borisova-Mubarakshina et al., 2015). Indeed, H>O> roles in signalling
mechanisms are widely reported in literature (Desikan et al., 2001; Slesak et al., 2007;
Karpinski et al., 2013). Accordingly, results reported by Borisova-Mubarakshina et al., (2015)
support the hypothesis that H>O» is a molecular signal, which contributes to regulation of PSII
antenna size under excessive light, a response directly related to long-term high light
acclimatory performance. In summary, the authors proposed H>O> molecule released by PQ-
pool (Zulfugarov et al., 2014), as one of the main candidates by which redox state of PQ-pool

provides antennas size regulatory effects (Figure 6).
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Figure 6. A tentative scheme of H2O: production in chloroplasts and a possible signal
transduction pathway for the down-regulation of /4cb genes by H,O» originated in the PQ pool,
involved in the reduction of PSII antenna size under HL conditions. White arrows, superoxide
radical and hydrogen peroxide production in chloroplast; Fd, ferredoxin; PSII, photosystem II;
PSI photosystem I; PQ, PQ™, PQH_, plastoquinone, plastosemiquinone, plastohydroquinone
respectively; Pc, plastocyanin; SOD, superoxide dismutase; WOC, water-oxidizing complex.
The PQH>/PQ ratio rises under long-term HL conditions; PQH> spreads along the entire
thylakoid membrane thus increasing the probability of reaching a superoxide radical, and to
produce hydrogen peroxide within the membrane. Reproduced from Borisova-Mubarakshina
et al., (2015) - Journal of Experimental Botany.
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3.3. NPQ — dissipating excess energy as heat

Natural selection pressures have conducted the development of several molecular
mechanisms in plants related to excessive light tolerance (Goss and Lepetit, 2014). These
molecular mechanisms are classified into two distinct groups of responses: long-term
acclimation and short-term regulatory responses (Ruban et al., 2012). Among short-term
acclimatory responses, an additional control loop in the form of a proton effect upon the PSII
energy conversion event have been considered a crucial mechanism for plant defence against
excessive light (Briantais et al., 1979; Genty et al., 1989). This process can be monitored by
chlorophyll a fluorescence yield declining under conditions of photochemical excitation energy
accumulation and is called non-photochemical quenching (NPQ) - (Govindjee et al., 1966;
Murata and Sugahara, 1969; Wraight and Crofts 1970; Ruban, 2016). The figure 7 displays a

synthetic model for NPQ activation in higher plants.

photon —= exciton — electron — proton

PhC —

J

ApH — ATP

NADPH

Figure 7. Scheme depicting photosynthetic and feedback control of photosynthesis in higher
plants. PSII absorbs light and produces electrons (E.T.) which are transported through the
thylakoid membrane to produce NADPH and drive formation of apH for ATP synthesis. Build
up apH exerts control over photosynthesis via inhibition of electron transport (photosynthetic
control, PhC) and via regulation of the excitation pressure in PSII (NPQ). Reproduced from
Ruban et al., (2012) - Biochimica et Biophysica Acta.
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NPQ is a complex mechanism composed of at least four major processes known to date:
state transition (qT), photoinhibition (ql), heat dissipation (qE) and zeaxanthin-dependent (qZ)
quenching (Nilkens et al., 2010; Ruban, 2016). These processes have individual features and
probably reflect very distinct metabolic routes. Redistribution of light energy capture between
PSII and PSI is believed to be related with qT (Benson et al., 2015). This process involves a
partial detachment and migration of LHCII between PSII and PSI according to light conditions
and is believed to be very important in algae (Baker, 2008; Puthiyaveetil et al., 2012). In higher
plants, nevertheless, qT protective roles under excessive light have been questioned and qT
functioning have been more associated to low light conditions (Baker, 2008).

The ql component is a slowly reversible process, which probably reflects damage to
RCII and photoinhibition (Ruban et al., 2012). Photoinhibition by itself process can be
considered as a protective mechanism in terms of whole plant surviving, since closed RCII
confers protection compared to open ones (Matsubara and Chow, 2004). However, the strict
threshold, which photoinhibition can be considered as a defence mechanism or, contrastingly
represents an excessive light stress symptom is a hard to define. Indeed, classification of stress
symptoms against defence responses is not a simple task (Silveira and Carvalho, 2016).

Two components are believed to act as direct protective mechanisms for avoiding
damages to RCII, and therefore, photoprotection under excessive light. The fastest component
of NPQ, and also the more frequently studied in plants, is named qE, and its photoprotective
role is probably related to dissipation of excess energy as heat (Ruban et al., 1993). More
recently described, qZ is probably related to synthesis and epoxidation of zeaxanthin and
probably display roles in photoprotection. The lifetime of qE and qZ formation/relaxation
present order of 5 and 15 minutes respectively, therefore consisting in the faster NPQ
components (Nilkens et al., 2010; Ruban, 2016).

Mechanisms underlying qE formation are relatively well stablished in literature. First,

increase of pH gradient between lumen (acid) and stroma (basic) in illuminated chloroplasts
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because of photosynthetic electron transport in thylakoid membranes is the primordial event
triggering qE (Krause, 1974; Ruban et al., 1992). Subsequently, zeaxanthin binding to light
harvesting complexes is related to a new state of aggregation, which allows this system to work
as a thermal dissipater of energy (Demmig-Adams and Adams, 1992; Ruban et al., 1992; Farber
et al., 1997; Ruban et al., 1999). Finally, an important transmembrane chl a-b binding protein
with 22 kDa was discovered to display a crucial role in qE activation (Funk et al., 1995; Li et
al., 2002; Niyogi et al., 2005). This protein called PsbS, presents a particular role of increase
sensitivity of thylakoid membranes to pH changes, allowing qE formation under physiological
ApH values (Johnson and Ruban, 2011). Figure 8 and 9 summarises the mechanisms underlying

gE formation in higher plants.

Dark/ Low light Excess Light

PSIlI core G LHCII aggregate
(quenched)

LCHIl trimer  §B
zeaxanthin +

PSIl minor antenna & violaxanthin

Figure 8. Structural model of NPQ-related reorganization of thylakoid grana membranes. In
the dark and low light, LHCII is fairly distributed in the grana, forming large C2SoM; super-
complexes with PSII and minor antenna proteins. In excess light, ApH triggers a conformational
change within LHC complexes that causes the partial dissociation of the PSII-LHCII super-
complex and leads to LHCII aggregation. De-epoxidation of violaxanthin to zeaxanthin
promotes LHCII aggregation and, therefore, NPQ. Reproduced from Johnson et al., (2011) -
Journal of Biological Chemistry.
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thylakoid
membrane

LHC PsbS

Viola

qE state

Figure 9. (A)Topological model of 4. thaliana PsbS. Triangles and horizontal arrows denote
positions of two highly conserved, charge-compensated glutamates that serve as ligands to
bound chlorophylls in LHCII. Squares denote the positions of eight acidic amino acid residues
(seven glutamates and one aspartate in Arabidopsis) located at or near the lumen side of the
protein that are conserved in all known PsbS sequences. The two glutamates that are necessary
for qE and DCCD binding are numbered and marked by vertical arrows. Numbering is relative
to the predicted initiator methionine of the PsbS precursor protein (prior to import into
chloroplasts). (B) Schematic model for qE in plants. (Left) At limiting light, the steady-state
thylakoid lumen pH is greater than 6. Violaxanthin (Viola) is bound mainly to the V1 site in
LHCII and the L2 site in other LHC proteins (such as CP29 and CP26). (Middle) In excess
light, the thylakoid lumen pH drops below 6, driving protonation of carboxylate side chains in
VDE and PsbS. Protonation of VDE activates the enzyme and allows for its association with
the membrane, where it converts multiple Viola molecules to zeaxanthin (Zea). Protonation of
glutamate residues E122 and E226 in PsbS activates symmetrical binding sites for xanthophylls
with a deepoxidized b-ring end-group (i.e. zeaxanthin). (Right) Zea binding to protonated sites
in PsbS results in the qE state in which singlet chlorophyll de-excitation is facilitated. Adapted
from Niyogi et al., (2005) - Journal of Experimental Botany.
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Nevertheless, the precise site of qE formation still have been theme of intense discussion
in the last decades (Ruban et al., 1992; Ruban et al., 2007; Ruban et al., 2012; Chmeliov et al.,
2015). Presently, there are three more discussed theories for explaining the site of qE formation,
which all of them predicting for LHC antennas involvement:

1. Energy transfer by interactions between chlorophyll molecules bound to antenna
protein complexes (Horton et al., 1996);

2. Quenching interactions between lutein bound at the L1 site and chlorophylls
a612—a611-a610 of LHC antennas (Ruban et al., 2007);

3. Xanthophyll-chlorophyll quenching interactions between zeaxanthin bound at
the L2 site and chlorophylls A5 and B5 of LHC complexes (Ahn et al., 2008).

In order to determine the precise region of LHC antennas related to qE formation,
several studies involving genetic transformation approaches have been performed. Absence of
CP26 subunit did not affected qE, while CP29 and CP24 deficiencies promoted 30% and 50%
respectively of qE impairment (Andersson et al., 2001; Kovacs et al., 2006). Intriguingly,
double deletion for CP29 and CP24 combined with 50% reduction in CP26 levels did not
affected qE (de Bianchi et al., 2008). In parallel, deficiency in Lhcbl and Lhcb2 (major
antennas), lead to 35% decrease in qE (Andersson et al., 2003). Accordingly, reports on plants
containing only CP26 exhibited only a partial reduction in qE (Jahns and Krause, 1994).
Therefore, it is plausible to suggest no individual LHCII complex acting as the sole site of qE
and, in principle, the quenching could occur in any of the four types of LHCII (Ruban et al.,
2012).

Regardless qE generation specific site, it has been evidenced in several studies,
especially involving PsbS deficient plants (GraBes et al., 2002; Ware et al., 2014) and
violaxanthin de-epoxidase impaired mutants (Havaux et al., 2000; Niyogi et al., 2001) that
plants deficient in qE formation are more susceptible to light stress. Nevertheless, is very

important to highlight that a quantitative relationship between NPQ parameter (Fm/Fm'-1), and
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actual photoprotection of PSII has not been demonstrated yet (Jahns and Holzwarth, 2012).
Therefore, in order to understand the physiological importance of different NPQ processes and
their photoprotection effects, future work will have to explore this relationship in detail. A new
fluorimetric methodology for photoinhibition tracking, based on qPd parameter quantification
have been introduced recently (Ruban and Murchie, 2012).

The gqPd approach presents a high potential to investigations involving NPQ and
photoprotection since it allows to estimate the precise NPQ fraction associated with
photoprotection, pNPQ (Ruban and Belgio, 2014; Ware et al., 2014; Carvalho et al., 2015;
Giovagnetti and Ruban, 2015). This methodology has been successfully employed so far and
positive interactions have been demonstrated between pNPQ parameter and PsbS protein
expression (Ware et al., 2014), oxygen evolution complex activity (Giovagnetti and Ruban,
2015) and ontogenesis (Carvalho et al., 2015). Moreover, evidences have connected pNPQ and
photoprotection to hydrogen peroxide and oxidative stress, however further studies are needed

in that direction to clarify this question (Carvalho et al., 2015).

3.4. Antioxidative metabolism and photoprotection

Plants exposed to excessive light, generally, display an over-accumulation of reduction
power (Li et al., 2009a). Usually, this excess of reducing power is produced because of
unbalance between NADPH and ATP production in photosynthetic electron transport chain
(PETC) and energetic demand of general cell metabolism (Foyer et al., 2012). Under such
conditions, formation of reactive oxygen species (ROS) is extremely favoured. The two most
important sites of ROS generation in green leaf cells are peroxisomes and chloroplasts, followed
by mitochondria (Foyer and Noctor, 2003). In peroxisomes, ROS are produced especially by
activity of glycolate oxidase (GO), which scavenges glycolate, producing H>O> (Corpas, 2015).

This reaction is part of C2 cycle, involving recovery of carbon skeleton from phosphor-
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glycolate produced by Rubisco oxygenation activity, also called photorespiration (Voss et al.,
2013).

The most of cellular H,O, produced is related to photorespiratory pathway in
peroxisomes (Corpas, 2015). Indeed, peroxisomes of illuminated leaves are believed to
generate up to 10 pmol m? s! of H,0» (Foyer and Noctor, 2003). Several studies have reported
H>0; as important signalling molecules involved in abiotic stress responses (Karpinski et al.,
1997; Desikan et al., 2001; Slesak et al., 2007; Li et al., 2009a; Suzuki et al., 2013). However,
H>0; over-accumulation is involved in several harmful processes, such as protein carbonylation
and lipid peroxidation, which are related to oxidative stress (Davletova et al., 2005). In
peroxisomes, catalase (CAT) is a very important enzyme associated to H>O» scavenging,
independent of electron donors and presenting a high kM to hydrogen peroxide (Mhamdi et al.,
2010).

Chloroplasts are the second most important site of H>O> generation in illuminated leaf
cells, reaching ratios up to 4 umol m? s (Foyer and Noctor, 2003). In chloroplast H2O is
generated by different routes from that evidenced in peroxisomes, which involves other ROS
such as radical ion superoxide (O2*") - (Mubarakshina and Ivanov, 2010). Indeed, two distinct
theories have been used to explain H.O> generation in chloroplasts (Asada, 1999; Mubarakshina
and Ivanov, 2010; Zulfugarov et al., 2014). Earlier, H>O> production was credited to PSI site,
as a consequence of Mehler reactions (Mehler, 1951). In the PETC, electrons are carried to PSI
Fe-S clusters and then to ferredoxin (Hill and Bendall, 1960). As O is a very abundant molecule
in chloroplasts, this molecule could take place of ferredoxin at PSI and act as electron receptor
in the Hill chain (Mehler, 1951; Asada, 1999). The product of such reaction, O>*, is very
reactive and harmful, and rapidly scavenged by superoxide dismutase activity (SOD),
generating H>O» (Asada, 1999).

However, a second theory supports H>O> as being generated at PSII, instead PSI

(Pospisil, 2009; Pospisil, 2014; Zulfugarov et al., 2014). Indeed, the midpoint of redox potential
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on electron acceptor side of PSI is more negative as compared with PSII, therefore O, reduction
in PSI should occurs with high efficiency (Asada, 1999). However, evidences of possible
involvement of PSII acceptor side in molecular oxygen reduction to superoxide have been
recently reported (Pospisil, 2009; Pospisil, 2014; Zulfugarov et al., 2014). This reaction should
occur when semiquinone (QA~) reduces O, generating superoxide, and subsequently, H>O>

(Fig. 10).
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Figure 10. Production of ROS by acceptor- and donor-side mechanism in PSII. On the electron
acceptor side of PSII, one-electron reduction of molecular oxygen by the reducing side of PSII
results in the formation of O2*, which subsequently either dismutate it into free H2O2. In the
presence of free metals (Fe?", Mn?"), the reduction of H,O5 results in the formation of HO® via
Fenton-type reaction. On the electron donor side of PSII, two-electron oxidation of H20 by the
modified water-splitting Mn complex results in the formation of H>O». Hydrogen peroxide has
been proposed to be either oxidized to O»* by tyrosine radical TyrZ® or reduced to HO® by free
metals the most likely being Fe?*, Mn?'released from damaged PSII. Reproduced from Pospisil
(2009) - Biochimica et Biophysica Acta.

In chloroplasts, CAT 1is absent, and therefore, ascorbate peroxidase (APX) was
classically believed to be the most important enzyme involved in H>O» scavenging (Nakano

and Asada, 1981). Indeed, APX is conserved in most of higher plant species and is present in
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almost all cell compartments (Teixeira et al., 2004). APX are encoded by multi-genic families
and isoforms are classified according to different subcellular localization (Teixeira et al., 2004).
In Arabidopsis thaliana L., there are at least six genes encoding APX isoforms: two cytosolic
isoforms (Atlg07890 and At3g09640); two peroxisomal isoforms (At4g35000 and
At4g35970); a thylakoid-bound isoform (Atlg77490) and a stromal/mitochondrial isoform
(At4g08390) (Teixeira et al., 2006). In contrast, rice present 8 different APX isoforms: two
cytosolic isoforms (OsAPX1 and OsAPX?2), two peroxisomal isoforms (Os4PX3 and OsAPX4),
one mitochondrial/chloroplastic isoform (OsAPX5), one mitochondrial (OsAPX6) and two
chloroplastic, one stromal (Os4PX7) and one thylakoidal isoform (Os4PX8) - (Bonifacio et al.,
2011).

Regardless cell compartment, APX activity is dependent of ascorbate (ASC) as electron
donor for H>O» scavenging reaction (Nakano and Asada, 1981). Ascorbate is the most abundant
soluble antioxidant in chloroplasts, reaching concentrations up to 300 mM in these organelles
(Smirnoft, 2000). ASC is synthetized in mitochondria and must be imported to chloroplasts in
order to act as photoprotective molecule (Smirnoff, 2000). After ASC reach chloroplasts, this

molecule can act in several mechanisms of photoprotection, such as:

1. Electron donor for APX activity;

2. Direct scavenging of other ROS;

3. Regeneration of a-tocopheryl radicals produced when a-tocopherol reduces lipid
peroxyl radicals;

4. Alternative electron donor to PSII in absence of OEC function;

5. Substrate of violaxanthin de-epoxidase (VDE), crucial for qE.

These mechanisms mentioned above require the oxidation of ASC molecule, which

generates monodehydroascorbate (MDHA) and dehydroascorbate (DHA). These molecules are
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rapidly recovered by MDHA reductase or DHA reductase enzymes (DHAR) - (Foyer and
Noctor, 2011). This last enzyme employs reducing power from reduced glutathione (GSH) for
its activity, which, in turns, is regenerated from its oxidized form (GSSG) by activity of
glutathione reductase (GR), using NADPH as electron donor (Foyer and Noctor, 2011). This
cyclic process is referred as ascorbate-glutathione cycle and is considered a very important
mechanism for ROS scavenging in chloroplasts under excessive light (Munné-bosch et al.,

2013). Figure 11 summarises redox metabolic process in different plant cell organelles.
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Figure 11. Schematic representation of subcellular hydrogen peroxide (H>O2) metabolism and
its generation by the pathway of photorespiration and subsequent signalling through the
glutathione pool linked to the ascorbate/glutathione cycle, as well as the production of ascorbate
in the mitochondria and its subsequent transport to the apoplast, where it is oxidized by
apoplastic enzymes related to extracellular redox signalling pathways. Reproduced from
Munné-bosch et al., (2013) - Plant Physiology.
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3.4.1. Does chloroplastic APX really play crucial role in plant responses to excessive light?

Plants exposed to excessive light display a strong induction of different isoforms of
APX, especially cytosolic (Karpinski et al., 1997) and chloroplastic (Klein et al., 2012).
Moreover, plants genetically transformed to over-express APX isoforms display increased
tolerance to several abiotic stress conditions, for instance high salinity (Badawi et al., 2004; Li
et al., 2009b; Singh et al., 2014). Based on these data, the answer to the question that intitules
this section should be obvious. However, several studies employing the use of knocked out
plants in order to assess the importance of these enzymes to abiotic stress responses have
reported contrasting results (Danna et al., 2003; Giacomelli et al., 2007; Kangasjarvi et al.,
2008; Maruta et al., 2010). Surprisingly, the majority of these works have reported no
differences in transformed plants deficient in chloroplastic APX, in comparison to NT, under
optimal growth conditions, and, sometimes even under abiotic stress (Danna et al., 2003;
Giacomelli et al., 2007; Kangasjérvi et al., 2008; Maruta et al., 2010).

Excepting for wheat (Danna et al., 2003), deficiency in chloroplastic APX isoforms have
produced plants capable to tolerate excessive light as well as NT (Giacomelli et al., 2007,
Kangasjdrvi et al., 2008; Maruta et al., 2010; Caverzan et al., 2014). Furthermore, it was
discovered 4. thaliana plants deficient in thylakoidal APX as displaying higher susceptibility
to excessive light stress only in the simultaneous deficiency in ASC (Giacomelli et al., 2007)
and in the first hours of high light exposure (Maruta et al., 2010). Similarly to Arabidopsis, rice
plants silenced to both chloroplastic APX isoforms (APX7 and APXS) displayed no phenotype
under both optimal and excessive light conditions (Caverzan et al., 2014). These data indicate
possible compensatory mechanisms triggered in chloroplastic APX deficient plants, but routes
involved remains to be clarified (Caverzan et al., 2014). These compensatory mechanisms, at
least in Arabidopsis, probably involve up-expression of 2-cys peroxiredoxins (Kangasjarvi et
al., 2008).
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4. Remarks and further perspectives

During ~500 million years of evolution, land plants must develop several strategies to
cope with oscillations in light intensity, sustain its photosynthetic activity and survive. Under
the majority of environmental conditions, light provides more energy than the whole plant
metabolism can use and, therefore, plants are commonly subjected to excessive light conditions.
In the current review some important mechanisms of photoprotection are discussed, employing
an integrative view, which encompass fast adjustments processes such as NPQ and ROS
scavenging in chloroplasts and long-term acclimatory mechanisms, involving regulation of
expression of several genes/proteins. An especial focus is given to chloroplastic APX, believed
to be one of the most important peroxidases in chloroplasts.

As evidenced here, several reports concerning chloroplastic APX deficiency are not able
to explain its importance. Complexity of systemic responses and gene/protein networks in leaf
cells should have contributed in great part for this difficulty. Certainly, understanding the
importance of other peroxidases such as peroxiredoxins (PRX) should be essential for further
interpretation of such controversial results involving APX proteins. Moreover, in order to
achieve a deeper knowledge regarding plant cell metabolism and, therefore, take more robust
conclusion about the importance of each mechanism of photoprotection related to sustain
photosynthesis under excessive light, new integrative approaches are needed.

Thus, plant photoprotective mechanisms can encompass foliar and chloroplastic
movements, excess energy dissipation as heat, antioxidative responses, stomata modulation,
Calvin cycle activity adjustment, photorespiration and even nitrogen assimilation metabolism.
In other words, every reductant metabolic process in plant cells could, in principle, represents
an important photoprotective mechanism under excessive light (Fig. 12). Therefore, use of
integrated approaches, including a deeper systemic view, is crucial to further discoveries

regarding plant light tolerance.
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Figure 12. Simplified photosynthetic model containing the several components of
photochemical (PSII and PSI) and Calvin cycle phases. The scheme shows the main
photosynthesis proteins, including those related to redox reactions, which are commonly
characterized by proteomics approaches. Abbreviations: ASC, ascorbate; Cu/Zn-SOD, Cu/Zn
superoxide dismutase; Cyt b6f, cytochrome b6f; DHA, dehydroascorbate; DHAR,
dehydroascorbate reductase; FBA, fructose biphosphate aldolase; FDX, ferredoxin; FNR,
ferredoxin NADP(H) oxireductase; FTR, ferredoxin-thioredoxin reductase; GADPH,
glyceraldehyde phosphate dehydrogenase; GR, glutathione reductase; GSH, reduced
glutathione; GSSG, oxidized glutathione; LHCI, light harvest complex antenna of PSI; LHCII,
light harvest complex antenna of PSII; LMM, PSII low molecular mass proteins; MDHA,
monodehydroascorbate; NPQ, non-photochemical quenching; OEE, oxygen evolving enhancer
proteins; PC, plastocyanin; PGK, phosphoglyceratekinase; PQ, oxidized plastoquinone; PQHo>,
reduced plastoquinone; PRK, phosphoribulokinase; PRX,x, oxidized peroxiredoxin; PRXeq,
reduced peroxiredoxin; PSI, photosystem I; PSII, photosystem II; RA, rubisco activase;
Rubisco, ribulose 1,5-biphosphate carboxylase/oxygenase; sAPX, stromal ascorbate
peroxidase; SBPase, sedoheptulose biphosphate phosphatase; tAPX, thylakoidal ascorbate
peroxidase; TIM, triose phosphate isomerase; TK, transketolase; TR Xox, oxidized thioredoxin;
TRXeq, reduced thioredoxin. Reproduced from Silveira and Carvalho (2016) - Journal of
Proteomics.
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ABSTRACT

The amount of light plants can tolerate during different
phases of ontogenesis remains largely unknown. This was
addressed here employing a novel methodology that uses the
coefficient of photochemical quenching (qP) to assess the
intactness of photosystem II reaction centres. Fluorescence
quenching coefficients, total chlorophyll content and concen-
tration of anthocyanins were determined weekly during the
juvenile, adult, reproductive and senescent phases of plant
ontogenesis. This enabled quantification of the protective
effectiveness of non-photochemical fluorescence quenching
(NPQ) and determination of light tolerance. The light inten-
sity that caused photoinhibition in 50% of leaf population
increased from ~70 umol m= s7, for 1-week-old seedlings, to
a maximum of 1385 umol m~ s7! for 8-week-old plants. After
8 weeks, the tolerated light intensity started to gradually
decline, becoming only 332 umol m2s™? for 13-week-old
plants. The dependency of light tolerance on plant age was
well-related to the amplitude of protective NPQ (pNPQ) and
the electron transport rates (ETRs). Light tolerance did not,
however, show a similar trend to chlorophyll a/b ratios and
content of anthocyanins. Our data suggest that pNPQ is
crucial in defining the capability of high light tolerance by
Arabidopsis plants during ontogenesis.

Key-words: photoinhibition; protective NPQ.

INTRODUCTION

Plants are sessile organisms, and due to this nature they have
to constantly adapt to a variety of dynamically changing envi-
ronmental factors (Raven 1984). When growing in the shade,
they need to absorb the greatest amount of light energy
available to maximize photosynthesis (Ruban 2015). To cope
with this problem, evolutionary pressures resulted in the
emergence of highly specialized pigment—protein complexes
that form the light-harvesting antenna, which efficiently sup-
plies the photosynthetic reaction centres reaction center II
(RCII) with photons (Peter & Thornber 1991; Boekema et al.
1995; van Amerongen & Croce 2013). The antenna of higher
plants photosystem IT (PSIT) is composed of several trimeric
major antenna complexes light harvesting complex II
(LHCII) and three minor complexes (CP24, CP26 and CP29)

Correspondence: A. V. Ruban. Fax: +44(0)2078827732; e-mail:
a.ruban@gmul.ac.uk

© 2015 John Wiley & Sons Ltd

that bind chlorophylls ¢ and b and xanthophylls (Bassi et al.
1987; Peter & Thornber 1991; Bassi & Dainese 1992; Ruban
et al. 1999; Hogewoning et al. 2012). RCII contains special-
ized chlorophyll molecules, collectively named P680, where
charge separation takes place in coordination with the split-
ting of water in the oxygen evolving complex (OEC) (Barber
2002; Umena et al. 2011). Electrons from RCII are trans-
ported by a chain of electron/proton carriers in the thylakoid
membrane. This generates a redox- and proton energy gradi-
ent, which is employed in the production of NADPH and
ATP, with these subsequently used in the Calvin cycle for
CO, assimilation (Arnon et al. 1954; Hill & Bendall 1960;
Paul & Foyer 2001).

The electron transport and formation of ATP and NADPH
proceed at much slower rates than the light harvesting and
energy transfer to the RCII by antennae (Ruban & Murchie
2012; Ruban er al. 2012). As an immediate consequence, the
amount of energy absorbed recurrently overcomes the meta-
bolic energy demands. This leads to accumulation of excess
energy in the thylakoid membrane that can potentially be
harmful to RCII (Aro etal. 1993; Adams et al. 2006). The
latter can lead to the permanent closure of reaction center
(RCs), commonly known as photoinhibition, and the even-
tual formation of reactive oxygen species (ROS) that cause
further damage to the photosynthetic membrane (Foyer &
Shigeoka 2011; Nishiyama et al. 2011). To protect the mem-
brane against photoinhibition, several processes have
evolved in plants. Amongst them, the most prominent is
related to a biochemical and biophysical mechanism capable
of dissipating the energy excess in PSII as heat, called non-
photochemical chlorophyll fluorescence quenching (NPQ)
(Wraight & Crofts 1970; Briantais ez al. 1979).

NPQ is composed of four major processes: state transition
(qT), photoinhibition (qI), heat dissipation (qE) and
zeaxanthin-dependent (qZ) quenching (Baker 2008; Jahns &
Holzwarth 2012; Ruban & Murchie 2012; Ruban et al. 2012).
qT is associated with redistributing energy absorption
between the two photosystems, which is achieved by the
partial detachment and migration of LHCII between PSII
and photosystem I (PST) (Murata 1969; Bellafiore et al. 2005).
ql is a slowly reversible process and is the consequence of
photoinhibitory events reflecting the damage to RCII, where
closed RCII confers protection for open ones (Matsubara &
Chow 2004). The major and fastest component of NPQ, qE, is
believed to act in RCII photoprotection and is related to the
dissipation of excess energy as heat (Baker 2008; Ruban &
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Murchie 2012; Ruban et al. 2012). More recently described
and with a formation/relaxation lifetime in the order of
10-15 min, gZ is believed to be correlated with the synthesis
and epoxidation of zeaxanthin and is also related to photo-
protection (Nilkens et al. 2010; Jahns & Holzwarth 2012).

The site of qE formation is believed to be the light-
harvesting antenna of PSII, triggered by ApH and enhanced
by violaxanthin de-epoxidation to zeaxanthin (Demmig-
Adams & Adams 1992; Horton & Ruban 1992). The protein
PsbS was discovered to play a crucial role in sensing lumen
acidification and transducing the signal to the antenna (Li
et al. 2000, 2002; Niyogi et al. 2005); however, the mechanism
underlying the action of PsbS is not completely understood.
Currently, the most consistent ideas concerning qE are that
(1) there are three possible models for the site of qE: energy
transfer by interactions between chlorophyll molecules
(Horton etal. 1996), quenching interactions between the
lutein bound at the L1 site and chlorophylls a612-a611-a610
(Ruban ez al. 2007), and xanthophyll-chlorophyll quenching
interactions between zeaxanthin bound at the L2 site and
chlorophylls AS and B5 (Ahn et al. 2008); (2) the increase in
the lumen pH is the key event for triggering qE (Krause
1974; Horton & Ruban 1992); (3) the role of zeaxanthin
(Demmig-Adams & Adams 1992) and PsbS (Funk er al. 1995;
Li et al. 2002; Niyogi et al. 2005) is, by binding to antenna
proteins, to increase the sensitivity of the membrane to pH
changes, producing a new state of aggregation of light-
harvesting complexes that allow the excess energy dissipa-
tion as heat (Horton & Ruban 1992; Férber et al. 1997; Ruban
et al. 1999); and (4) structural changes play a vital role with
aggregated LHCII promoting more efficient excess energy
dissipation as heat (Horton & Ruban 1992; Betterle et al.
2009; Johnson & Ruban 2011). The use of PAM fluorimetry
has been a useful tool to help monitor NPQ in plants and
algae in response to various environmental and endogenous
conditions (Hideg et al. 2008; Ivanov et al. 2012; Ruban 2015).

During plant ontogenesis, several physiological changes
take place in the shoots, especially regarding the leaf area
(Hopkinson 1964),dry weight (Milthorpe 1959) and thickness
(Avery 1933). In Arabidopsis thaliana, the emergence of the
radicle, hypocotyl and cotyledon occurs around 4-5 d after the
germination and is followed by a succession of distinct phases
regarding shoot growth (Boyes e al. 2001).The juvenile phase
consists of vegetative growth, where the leaves are smaller and
rounded, with trichomes on the adaxial side and a lack of
serrations along the margin (Kerstetter & Poethig 1998;
Tsukaya 2013). The adult phase is characterized by rosette
growth, in terms of number of leaves and total diameter
(Boyes et al. 2001). The leaves are larger and elongated; the
trichomes are present on both adaxial and abaxial surfaces;
and the serrations along the margin are frequent (Kerstetter
& Poethig 1998; Tsukaya 2013). The reproductive phase is
marked by inflorescence and is strongly regulated by the
photoperiod prehistory (Amasino 2010). The last phase
(senescence) marks the end of the plant life cycle and is
recognized by the gradual appearance of necrosis on the
leaves, followed by abscission and plant death (Noodén 1988;
Matile et al. 1992; Woo et al. 2001).
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Despite this relatively well-established developmental
pattern, there are several environmental aspects capable of
affecting normal ontogenesis, especially light availability
(Woo et al. 2001; Schurr et al. 2006). Plants growing under
high light present smaller rosette diameters, thicker leaves
(Tsukaya 2013) and an earlier reproductive phase (Bailey
et al. 2001). The long-term high light response is also associ-
ated with several physiological and molecular alterations
related to photosynthesis, such as an increased chlorophyll
alb ratio, reduced light-harvesting antenna size and increase
in anthocyanin content (Bailey et al. 2001; Ballottari et al.
2007; Koufil eral. 2013; Wientjes et al. 2013). In the short
term, high light stress on seedlings was also addressed in a
few studies (Krause et al. 1995; Dodd et al. 1998; Manetas
etal. 2002). These revealed that some plant species exhibit
higher photoinhibition at juvenile phases (Krause et al.
1995), whilst other species present higher photoinhibition at
the mature phase (Manetas et al. 2002). The high light stress
effects on Arabidopsis seedlings, however, have been less
studied, especially regarding the effects on photosynthesis.
Moreover, previous studies have shown that the response to
other abiotic stresses is dependent on the developmental
stage of the plant, as observed by the extreme sensitivity of
Arabidopsis seedlings to salt and oxidative/methyl viologen
stress (Borsani et al. 2001).

Growth and photosynthesis are two of the most impor-
tant processes that support plants’ acclimation to stressful
environments, especially light oscillations (Schurr et al.
2006). Indeed, both are regulated by endogenous and envi-
ronmental processes and are considered to be very closely
related (Schurr er al. 2006). The ratio and total content of
chlorophyll a and b, and the number of stomata are known
to vary remarkable during ontogenesis (Oquist e al. 1982;
Krause ef al. 1995; Dodd et al. 1998). Three main techniques
have been employed to verify ontogenetic effects on photo-
synthesis: (1) the determination of F./F,, (Siffel et al. 1993;
Barker et al. 1997; la Porta et al. 2006; Radochova & Ticha
2008; Liu et al. 2009); (2) content of protein D1 (Thiele er al.
1997; Nath etal. 2013) and (3) CO, assimilation (Oquist
etal. 1982; la Porta et al. 2006; Radochova & Tichd 2008).
There are, however, certain limitations to the understan-
ding of the dynamics of photosynthesis during plant
ontogenesis with these techniques. The F\/F, parameter,
although a fast, non-invasive and consistent tool to estimate
the integrity of the RCII, requires long periods of dark
adaption, which is a barrier when estimating photosynthesis
dynamics under fluctuating light environments (Ruban &
Murchie 2012; Ware et al. 2015). The biochemical quantifi-
cation of the D1 protein allows for the in vitro assessment
of the integrity of RCII; however, it is a destructive tech-
nique requiring the abolition of light treatment (Ruban &
Belgio 2014). The measurement of CO, assimilation, in
turn, occurs too far from the site of photoinhibition and
much slower than light harvesting and energy transfer to
the RCII by antennae (Ruban 2015). Thus, the use of
new approaches to assess the onset of photoinhibition in
fluctuating light environments during leaf ontogenesis is
essential.
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In this study, a new methodology, consisting of the
quantum coefficient of photochemical quenching (qP) meas-
urements in the dark (qPd), was used. This allowed the quan-
tification of the levels of light capable of inducing
photoinhibition in leaves of A. thaliana from seedlings
through to the final senescent phases of growth (Ruban &
Murchie 2012; Ruban & Belgio 2014; Ware et al. 2015). Our
results indicated that light tolerance is strongly dependent on
plant age and the leaf developmental stage. Moreover, the
light tolerance variation during ontogenesis was well related
to protective NPQ (pNPQ) efficiency, electron transport rate
(ETR) and total chlorophyll content, but not related to chlo-
rophyll a/b ratios or anthocyanin concentration. These results
offer new insights into the roles of NPQ, working together
with metabolic demands, as the determinant factors in
light tolerance during the different phases of plant
ontogenesis.

MATERIALS AND METHODS
Plant growth

A. thaliana plants, ecotype Col-0, were sown onto 0.3 L pots
containing a 6:6:1 mixture of soil, potting compost (John Innes
Manufacturers Association, Berkshire, UK) and perlite. The
germination occurred in a growth chamber with 24 °C (day)/
18 °C (night), 45% humidity, 100 + 20 yumol m~s™! actinic
light and photoperiod of 10 h. After 1 week the plants were
transferred to growth shelves with 24 °C (day)/18 °C (night),
45% humidity, 175 + 20 umol m~ s~ ! actinic light and the same
photoperiod. Plants were grown under these conditions for up
to 13 weeks. For the collection of chlorophyll a fluorescence
measurements, a total of 30 leaves from independent plants
were used. The leaves were selected weekly, and in every
measurement, only the leaves positioned externally on the
rosette were utilized (Fig. 1d). The same criteria were adopted
for collecting the leaves used for pigment determinations.
Additionally, a second experiment was performed with 30
leaves from independent plants at different physiological
phases in the same rosette (according to their position more
external, intermediate or more internal in relation to the
centre of the rosette).

Principle of pNPQ methodology

Decrease in the PSII yield upon illumination is related
to two distinct processes: the increase of the reversible
photoprotective component of NPQ (pNPQ) and the non-
reversible photoinhibition of RCII. The equation derived by
Ruban & Murchie (2012) allows the correlation of PSII yield
(@PSII) with NPQ and photoinhibition in the dark following
a period of light exposure:

qPd-Fv/Fm
v ’
1+(1- -NP
[+( Fm) Q}

The qPd values were obtained from the following
equation:

OPSII =
M
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IFm’ - Fo’act. )

qPd=———
Fm’ - Fo'calc.

where Fm’ is the maximum fluorescence yield after actinic
light exposure; Fo’, is the minimum fluorescence yield

Figure 1. Visual aspect of Arabidopsis thaliana at juvenile, adult,
reproductive and senescent phases. The juvenile phase was
represented by plants aged (a) 1 and (b) 2 weeks old. The adult
phase was represented by plants aged (c) 4 and (d) 6 weeks old.
The reproductive phase was represented by plants aged (e) 7 and
(f) 8 weeks old. The senescent phase was represented by plants
aged (g) 11 and (h) 13 weeks old.

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment, 38, 2603-2617

Fabricio E.L Carvalho



2606 F. E. L. Carvalho et al.

measured in the dark following an illumination period, and
Fo’ca. is the minimum fluorescence yield in the dark calcu-
lated according to Oxborough & Baker (1997):

¢ I o 1
Fo'calc. = T 1 . i 3)
Fo Fm Fm’

where Fo and Fm are minimum and the maximum fluores-
cence levels in dark-adapted leaves. In the absence of
photoinhibition, there are no differences between the Fo’y...
and Fo’wi, and as a consequence qPd is equal to 1. However,
at high light, the RCII population becomes increasingly
closed. This causes a deviation between Fo’,.. and Fo’c.., as
damaged RCII contributes to the minimum level of fluores-
cence (Fo’,). Reductions in qPd values below 0.98 are con-
sistent with the deviations of actual yield of PSII from the
theoretical PSII yield. These criteria provide a quick and
efficient way of monitoring the early signs of photoinhibition
in vivo. pPNPQ = NPQ, when there is no photoinhibition at a
given actinic light intensity (Ruban & Belgio 2014; Ware et al.
2015).

Chlorophyll a fluorescence measurements

The chlorophyll a fluorescence measurements were per-
formed as described previously (Ruban & Belgio 2014; Ware
et al. 2015). Plants aged between 1 and 13 weeks were dark-
adapted for 45 min with the most external leaves being sub-
jected to the procedure. The measures were obtained with a
JUNIOR-PAM fluorimeter (Walz, Effeltrich, Germany),
using a procedure of ~42 min. Thirty different plants were
subjected to three different sets of qPd determination pro-
cedures of one of the following actinic light regimes: 0, 90,
190, 285, 420, 625, 820, 1150, 1500 umol m~s7'; 0, 81, 171,
256.5, 378, 562.5, 738, 1035, 1350 umol m~s7'; or 0, 72, 152,
228,336, 500,656,920, 1200 umol m~* s~!. Each procedure was
performed 10 times for qPd measurements. The procedures
start with the following scheme: (ML on/FR on)—(30s)-
(SP)—(30 s)-(SP)—(5s), where ML = measuring light, FR =
far red light; SP = saturating pulse (6000 umol m2s™ for
0.6s). PSII maximum quantum efficiency (F/Fn, where
F, = F,, — F,) was determined with the first SP. Subsequently,
for light measurements, the following scheme was employed:
(AL on/FR off)—(120 s)—-(SP)-(180 s)-(SP)-(AL off), where
AL = actinic light. The NPQ [NPQ = (F/Fy’) — 1] and ETR
[ETR = F\/F' x PPFD x 0.84 x 0.5] values were calculated
from the second SP. qPd was measured suddenly after actinic
light was turned off. For qPd measurements the following
scheme was employed: (FR on)—(10s)-(SP)—(5s)-(AL
on/FR off). The procedures were repeated with increasing
AL intensities (Ruban & Murchie 2012; Ruban & Belgio
2014; Ware et al. 2015).

Total chlorophyll determination

The determination of total chlorophyll content and chloro-
phyll a/b ratios was performed according to Porra et al.
(1989). Fresh leaf material (50-150 mg) from plants aged
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between 1 and 13 weeks was first homogenized in 80% ice
cold acetone. The homogenate was centrifuged at 14 000 g for
Smin. The supernatant obtained was used for spectrop-
hotometric quantification of chlorophyll a and b. The absorb-
ance was measured in two wavelengths, 663 and 646 nm
(Porra et al. 1989). The chlorophyll content was expressed as
microgram chlorophyll per square centimetre.

Determination of the content of anthocyanins

The total anthocyanins were determined as previously
described (Neff & Chory 1998). Fresh leaf material (50—
150 mg) was first reduced to a fine powder in the presence of
liquid nitrogen. Three hundred microlitres of methanol and
1% HCI were added with the homogenate remaining at 4 °C
overnight. Subsequently, 200 uL of H,O and 500 uL of chlo-
roform were added to the homogenate and centrifuged at
14 000 g for 5 min. After centrifugation, two different frac-
tions were obtained. The bottom fraction consisted mainly of
chlorophylls and other pigments, and the upper fraction
anthocyanins (Neff & Chory 1998). The upper fraction
was used for spectrophotometric quantification of total
anthocyanins. The absorbance was measured in two wave-
lengths, 530 and 657 nm. The total content of anthocyanins
was expressed as A530-A657 g FW.

ROS quantification assays

The lipid peroxidation was measured based on the forma-
tion of thiobarbituric acid-reactive substances (TBARS)
in accordance with Cakmak & Horst (1991). The con-
centration of TBARS was calculated using its absorption
coefficient (155 mM™' cm™), and the results are expressed
as nmol MDA-TBA g FW™. In situ detection of hydrogen
peroxide (H>O,) was performed by staining with 3,3"-
diaminobenzidine (DAB) as previously described (Thordal-
Christensen ef al. 1997). Leaf segments were infiltrated under
dark conditions with a 0.1% (w/v) DAB solution. The seg-
ments were incubated for approximately 16 h in dark condi-
tions and then destained with 0.15% (w/v) trichloroacetic
acid in an ethanol/chloroform solution (4:1 v/v) for 48 h
before being photographed.

Statistical analysis

The comparisons between the averages of pNPQ formation,
chlorophyll content, chlorophyll a/b ratio, anthocyanin
content, /\/F,, and ETR values were statistically analysed by
an analysis of variance (aNova) test, followed by Tukey’s test,
with a 5% confidence interval (P <0.05). The tests were per-
formed using SigmaPlot12 (Systat Software, Inc., Chicago, IL,
USA).

The Z-test was used to statistically compare the differences
in range and amplitude of light intensity which caused
photoinhibition in 50% of leaf populations:

_ (Average 1— Average 2)
SD difference

(4)
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where average 1 and average 2 corresponds to the different
light intensities which caused photoinhibition in 50% of leaf
populations at any two given plant ages. This was calculated
from the sigmoidal, Hill, three parameter (f= axb/cb + xb)
with 95% confidence values plotted using SigmaPlotl12
(Systat Software). The standard deviation (SD) difference
was calculated according with the following equation:

SD difference = v(SD1)* + (SD2)> Q)

where SD1 and SD2 represent the standard deviation of two
different light intensities which caused photoinhibition in
50% of leaf populations at any two given plant ages. This was
also calculated using SigmaPlot12 (Systat Software). The Z
values equal to or above 1.96 (which represents P = 0.05)
were considered statistically significant.

For all the chlorophyll a fluorescence determinations, 30
independent leaves, selected amongst the most externally
positioned in rosette, were used (n = 30). For the determina-
tion of chlorophyll content, chlorophyll a/b ratio and antho-
cyanin content, six independent leaves (also following the
same criteria described above) were utilized (n = 6). For in
situ H,O, detection and TBARS, three leaves amongst the
most external in the rosette from independent plants were
used.

RESULTS

NPQ formation and gPd dynamics are
age dependent

Four different phases of development were evaluated in
Arabidopsis plants: juvenile; adult, reproductive and senes-
cent. The habits of the studied plants are presented in Fig. 1.
Considering the growth light conditions utilized in the
current study (~175 umol m=s™' and 10 h photoperiod) the
plants remained in the juvenile phase until around 2 weeks
after germination, switched from adult phase to reproductive
phase after the sixth week, and started to exhibit the first
symptoms of senescence (increase of yellow-like spots) after
8 weeks (Supporting Information Table S1).

The dynamics of qPd, PSII yield and NPQ formation in the
juvenile phase of plants are presented in Fig. 2. Here, qPd
dropped below 0.98 when NPQ values were ~1.5 in 2-week-
old plants, with NPQ conferring protection to significantly
lower values (~0.5, estimated according with Fig.2a) in
1-week-old plants (Fig. 2a,b; Tukey’s test, P <0.05). This
reduction in qPd coincided with deviations between the cal-
culated and observed PSII yield, as previously observed by
Ruban & Belgio (2014), and is related to the photoinhibition
of RCII. A further increase in light intensity caused more
frequent occurrences of photoinhibition, depicted by grey
and white diamonds (Fig.2c,d). The amount of photo-
protected and photoinhibited leaves at each of the light
intensities was used to calculate the percentage of
photoinhibition in leaf populations. One-week-old plants
had 50% of the leaf population exhibiting photoinhibition
(tolerated light) after exposure to a light intensity of
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~70 umol m2s™! (Fig. 2e). Comparatively, the 2-week-old
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Figure 2. Photosynthetic dynamics of Arabidopsis thaliana plants
at juvenile phase. Relationship between photosystem II (PSIT)
yield (closed circles), qPd (open circles) and non-photochemical
fluorescence quenching (NPQ) parameters measured on intact
leaves from (a) 1- and (b) 2-week-old plants. The continuous line
represents the theoretical yield, calculated by Eqn 1 of Materials
and Methods. Error bars show the SEM (n = 30). Relationship
between NPQ, light intensity and qPd parameters measured on
leaves from (c) 1- and (d) 2-week-old plants. qPd is represented by
diamond symbols, with the grey-scale shading reflecting the extent
of photodamage. Percentage of photoinhibited leaves from (e) 1-
and (f) 2-week-old plants. Lines represent regression fit curves
(sigmoidal, Hill, three parameter; f = axb/cb + xb) with 95%
confidence values plotted using SigmaPlot12 (Systat Software,
Inc.).

plants tolerated significant higher light (Z-test, P <0.05)
reaching ~300 umol m~s™! (Fig. 2f).

During the adult phase period (4- to 6-week-old plants),
the dynamics of qPd and NPQ formation differed greatly
from those exhibited by the young plants (Fig. 3; Supporting
Information Figs S1 & S2). NPQ (6-week-old pNPQ =~2.1)
was protective to significantly higher light intensities
(Fig. 3a,b; Tukey’s test, P <0.05) than in the juvenile phase.
Furthermore, the amount of non-photoinhibited leaves in the
vegetative growth stage was increased throughout the higher
light intensities in comparison to the amount of non-
photoinhibited leaves in the juvenile phase (Fig.3c,d). As a
consequence, the light intensity at which 50% of the leaves
present photoinhibition was higher in plants during the
adult phase in comparison to plants in the seedling stage
(Z-test, P<0.05). Plants of 4 weeks old presented
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Figure 3. Photosynthetic dynamics of Arabidopsis thaliana plants
at adult phase. Relationship between photosystem 11 (PSII) yield
(closed circles), qPd (open circles) and non-photochemical
fluorescence quenching (NPQ) parameters measured on intact
leaves from (a) 4- and (b) 6-week-old plants. The continuous line
represents the theoretical yield, calculated by Eqn 1 of Materials
and Methods. Error bars show the SEM (n = 30). Relationship
between NPQ, light intensity and qPd parameters measured on
leaves from (c) 4- and (d) 6-week-old plants. qPd is represented by
diamond symbols, with the grey-scale shading reflecting the extent
of photodamage. Percentage of photoinhibited leaves from (e) 4-
and (f) 6-week-old plants. Lines represent regression fit curves
(sigmoidal, Hill, three parameter; f = axb/cb + xb) with 95%
confidence values plotted using SigmaPlot12 (Systat Software,
Inc.).

;||

photoinhibition in 50% of the leaves at 756 umol m=s-
(Fig. 3e), with 6 week olds exhibiting tolerated light inten-
sities up to 960 umol m~ s! (Fig. 3f).

Plants at the reproductive phase (7-8 weeks old) demon-
strated a further increase in photoprotection as the dynamics
in qPd decline and NPQ formation in comparison with both
the juvenile and the adult phases (Fig.4). The onset of
photoinhibition was associated with NPQ values of ~2.5 and
~2.4 in plants 7 and 8 weeks old, respectively (Fig. 4a,b).
These NPQ values significantly differed from those observed
for 1,2 and 4 weeks (Tukey’s test, P < 0.05). The increase of
non-photoinhibited leaves after exposure to very high light
intensities is represented by the amount of closed circles in
the graphs (Fig. 4c,d). As a consequence, the light intensities
associated with 50% photoinhibition during the reproductive
phase were as high as 1135 umol m= s™! in 7-week-old plants
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(Fig. 4¢) and 1385 umol m~ s~! in 8-week-old plants (Fig. 4f),
which were the highest values observed in this study.

After 8 weeks, the onset of photoinhibition began to occur
earlier. This is indicative of processes related to plant senes-
cence taking place (Fig. 5; Supporting Information Figs S3—
S5). The onset of photoinhibition in 11-week-old plants was
associated with NPQ values of 1.7, and 0.8 in 13-week-old
plants (Fig. 5a,b). pNPQ values in 13-week-old plants signifi-
cantly differ from those observed in all other plant ages
studied here (Tukey’s test, P < 0.05). The plants in the senes-
cent phase displayed reduced amounts of photoprotected
leaves after exposure to higher light intensities, when com-
pared with the plants in the vegetative growth stage, and
especially at the reproductive phase (Fig. Sc.d; Z-test,
P <0.05). As a consequence, the intensities of light that
induced 50% photoinhibition in plants at this phase was as
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Figure 4. Photosynthetic dynamics of Arabidopsis thaliana plants
at reproductive phase. Relationship between photosystem II (PSIT)
yield (closed circles), qPd (open circles) and non-photochemical
fluorescence quenching (NPQ) parameters measured on intact
leaves from (a) 7- and (b) 8-week-old plants. The continuous line
represents the theoretical yield, calculated by Eqn 1 of Materials
and Methods. Error bars show the SEM (n = 30). Relationship
between NPQ, light intensity and qPd parameters measured on
leaves from (c) 7- and (d) 8-week-old plants. qPd is represented by
diamond symbols, with the grey-scale shading reflecting the extent
of photodamage. Percentage of photoinhibited leaves from (e) 7-
and (f) 8-week-old plants. Lines represent regression fit curves
(sigmoidal, Hill, three parameter; f = axb/cb + xb) with 95%
confidence values plotted using SigmaPlot12 (Systat Software,
Inc.).
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Figure 5. Photosynthetic dynamics of Arabidopsis thaliana plants
at senescent phase. Relationship between photosystem II (PSII)
yield (closed circles), qPd (open circles) and non-photochemical
fluorescence quenching (NPQ) parameters measured on intact
leaves from (a) 11- and (b) 13-week-old plants. The continuous line
represents the theoretical yield, calculated by Eqn 1 of Materials
and Methods. Error bars show the SEM (n = 30). Relationship
between NPQ, light intensity and qPd parameters measured on
leaves from (c) 11- and (d) 13-week-old plants. qPd is represented
by diamond symbols, with the grey-scale shading reflecting the
extent of photodamage. Percentage of photoinhibited leaves from
(e) 11- and (f) 13-week-old plants. Lines represent regression fit
curves (sigmoidal, Hill, three parameter; f = axb/cb + xb) with 95%
confidence values plotted using SigmaPlot12 (Systat Software,
Inc.).

low as 682 umolm=s™' in 1l-week-old (Fig.5¢) and
332 umol m~2 s7! in 13-week-old plants (Fig. 5f).

pNPQ is a crucial factor of age-related
light tolerance

The methodology for the quantification of photoinhibition
employed here allowed the production of a time course of
light tolerance of A. thaliana during its complete life cycle
(Fig. 6a). The curve obtained here evidenced that the toler-
ated light intensity in A. thaliana plants increases between 1-
and S5-week-old plants, reaching a maximum at 7-8 weeks
after sowing. This is followed by a decrease with age, prob-
ably related with the rise in senescence processes. Moreover,
the gradient obtained by the lowest pNPQ values at each
light intensity revealed an increased efficiency of pNPQ for-
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Figure 6. Light tolerance and protective NPQ (pNPQ) dynamics
in Arabidopsis thaliana plants at 1 to 13 weeks old. (a) Light
intensity which caused photoinhibition in 50% of leaf populations.
The error bars represent the 95% confidence values plotted from
regression fit curves (sigmoidal, Hill, three parameter;

f=axb/cb + xb). Different letters represent a significant difference
by Z-test, P < 0.05. The continuous line represents a regression fit
curve (peak; Gaussian, three parameter

f=axexp(=.5 x ((x - x0)/b)?)) plotted using SigmaPlot12 (Systat
Software, Inc.). (b) Relationship between the most efficient pNPQ
value (closed circles) and light intensity. The lines represent
regression fit curves (polynomial; linear, f= y0 + a*x). (c)
Relationship between the maximum pNPQ capacity and plant age.
The maximum pNPQ value was considered the first highest
non-photochemical fluorescence quenching (NPQ) value which
still protected 100% of RCII, calculated from the relationship
between qPd and NPQ. Error bars show the SEM (n = 30) and
different letters represent a significant difference by Tukey’s test,
P <0.05. Continuous line represent regression fit curves (peak;
Gaussian, three Parameter f= a x exp(-.5 X ((x — x0)/b)?)). Dashed
lines represent the tolerated light (50% of photoinhibited leaves).
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Figure 7. Pigment contents measured in leaves from Arabidopsis
thaliana plants aged between 1-2 and 14 weeks old. (a) Total
chlorophyll content; (b) chlorophyll a/b ratio and (c) total
anthocyanin content. Error bars show the SEM (n = 6). Different
letters represent significant difference by Tukey’s test, P < 0.05.
Total chlorophyll content was expressed as chlorophyll a + b ug
per leaf surface area (cm™). Anthocyanin content was expressed as
the difference between the absorbance at 530 and at 657 nm per
grams of fresh weight (g7! FW).

mation from plants ageing between 1 and 8 weeks old, fol-
lowed by a decline during the senescence stages (Fig. 6b).
Significantly, the values of pNPQ as a function of plant age
followed almost the same trend as the light tolerance data.
The pNPQ values at juvenile and senescent phases signifi-
cantly differ from those observed in the reproductive phase
(Fig. 6¢; Tukey’s test, P < 0.05).

In order to test the role of the leaf pigments in age-
dependent light tolerance, the contents of total chlorophyll
and anthocyanins were quantified at each plant age (Fig. 7).
The total chlorophyll content in leaves from plants aged
between 1 and 14 weeks old varied with a similar trend to
that observed in the tolerated light versus plant age curve
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(Fig. 7a). The total chlorophyll content presented an increase
from 15.46 to 55.80 ugcm™ in plants at 1 and 8 weeks
old, respectively, followed by a significant decrease to
15.20 ug cm™ at 14 weeks old (Tukey’s test, P <0.05). The
chlorophyll a/b ratio, however, did not reveal a clear corre-
lation with the light tolerance. The ratio increased in plants
ageing from 1 to 4 weeks. This ranged from 2.61 at 1 week old,
to 3.74 at 4 weeks old, where it reached a maximum, followed
by a very gradual decrease to 2.97 at 14 weeks old (Fig. 7b;
Tukey’s test, P <0.05). On the contrary, the dynamics of
anthocyanin contents in leaves from different plant ages was
completely different from the content of total chlorophyll
and tolerated light versus plant age curves. The anthocyanin
content was high at the juvenile phase (27.6 Abs530-
Abs657 ¢ FW), very low in vegetative growth stages,
accumulating gradually after 6 weeks (3.56 Abs530-
Abs657 ¢ FW) before peaking between 10 and 12 weeks old
(63.55 Abs530-Abs657 g FW™" at 11 weeks old). This was fol-
lowed by a decrease, exhibiting 9.54 Abs530-Abs657 g FW!
of anthocyanins for 14-week-old plants (Fig. 7c; Tukey’s test,
P <0.05). To ensure that the anthocyanin extracts were free
from contaminants, a spectrophotometric scan was per-
formed in extracts from 7-weeks-old plants (Supporting
Information Fig. S6).

The ETR conforms with light tolerance curves

The F./F,, values increased between 1- and 7-week-old plants,
from 0.737 to 0.806, reaching a maximum here. This was
followed by a slight decrease after 8 weeks from 0.797 to
0.759 at 13 weeks (Fig. 8a). Differences were significant
between 1 and 7 weeks old and between 7 and 13 weeks old
(Tukey’s test, P < 0.05). The ETR values were measured over
the course of the procedure at each of the light intensities
utilized to obtain the qPd values (Supporting Information
Fig. S7). Furthermore, the ETR values at 500 umol m~2s™! of
light intensity were used to compare the performance of
different plant ages (Fig. 8b). The ETR varied in a very
similar pattern from that observed in the light tolerance
curves. The ETR curve consisted of a first phase of significant
increase from 1 to 8 weeks old (ranging from 25.6 to
79.4 umol m~2 s7!), reaching a maximum plateau at 8 weeks.
This was followed by a significant decrease phase ranging
from 61.2 umol m~2s~! at 9 weeks old to 24.68 umol m=2 s at
13 week old (Tukey’s test, P < 0.05).

Light tolerance of different aged leaves of the
same plant

Aiming to verify whether differences of photoprotection
exist in leaves with different physiological ages in the same
rosette of a given plant age, intermediate and internal leaves
from plants ageing 8 weeks old were also tested (Supporting
Information Figs S8 & S9). The external leaves from rosettes
at 8 weeks old were already tested as previously mentioned
(Fig. 4). The light intensity related to 50% photoinhibition
presented several differences amongst the different physio-
logical stages of leaves in the same rosette (Fig. 9). Whilst the
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Figure 8. Relationship between chlorophyll a parameters and
light intensity related to photoinhibition in 50% of leaf
populations of Arabidopsis thaliana plants aged between 1 and 13
weeks. (a) Maximum quantum yield [F./Fy] versus plant age and
(b) Electron transport rate (ETR). The values of ETR were

collected at 500 umol m~s™" of actinic light intensity from light
curves ranging from 0 to 1500 umol m~s™". Error bars show the
SD (n =30). Different letters represent significant differences by

Tukey’s test, P < 0.05.

external leaves from plants at 8 weeks old presented a toler-
ated light intensity equal to 1385 umol m~2s7!, the intermedi-
ate and internal leaves presented significantly lower
tolerance, respectively 856 and 643 umol m2s™' (Fig. 9a;
Z-test, P<0.05). The F./F, values from internal leaves,
however, displayed no significant changes between the exter-
nal and intermediate leaves (Fig. 9b; Tukey’s test, P > 0.05).

Different ROS accumulation during ontogenetic
phases is in agreement with anthocyanin
content

In order to test the hypothesis that the trend observed for
anthocyanin content during plant ontogenesis is related to
antioxidative roles, the in situ accumulation of H,O, and the
lipid peroxidation/MDA formation (TBARS) were per-
formed. Higher amounts of H,O, were observed in leaves
from plants at juvenile and senescent phases in comparison
with leaves from plants at adult and reproductive phases
(Fig. 10a). The H,O, accumulation was detected by the
appearance of brown spots especially at the superior part of
the leaves and veins. Corroborating the higher amount of
H>O; in juvenile and senescent phased leaves, the lipid
peroxidation evaluated biochemically by the MDA accumu-
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lation (TBARS) was also higher in these two phases in com-
parison with the data for adult and reproductive phase leaves
(Fig. 10b; Tukey’s test, P > 0.05).

DISCUSSION

Plant ontogenesis is affected by many diverse variables.
These can be both endogenous, as a result of genomic pro-
gramming in the course of evolution, and external, affected
by abiotic and biotic factors, especially varying light inten-
sities, temperature, nutrient and water availability (Ticha
1985; Tsukaya 2013). It is perhaps due to the inherent diffi-
culty of assessing the effects of isolated stresses in this multi-
complex process, that even after decades of research of plant
ontogenesis, several questions remain unanswered (Ticha
1985; Schurr et al. 2006; Tsukaya 2013). Numerous studies
have provided insights about the effects of ontogenesis on
different physiological processes such as leaf growth (Avery
1933; Milthorpe 1959; Hopkinson 1964), leaf development
(van Lijsebettens & Clarke 1998; Tsukaya 2013) and photo-
synthesis (Biswal & Mohanty 1976; Catsky & Tichd 1979;
Siffel et al. 1993; Thiele et al. 1997; Bondada & Oosterhuis
1998; Nadeau & Sack 2002; Walter et al. 2004; Radochovd &
Ticha 2008; Liu et al. 2009; Nath er al. 2013). However, the
required light intensity that is high enough to produce
photoinhibition in leaves during different ontogenetic stages
remains poorly understood.
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Figure 9. Light tolerance and protective NPQ (pNPQ) dynamics
of inner, intermediate and external leaves from 8-week-old
Arabidopsis thaliana plants. (a) Light intensity which caused
photoinhibition in 50% of leaf populations. The error bars
represent the 95% confidence values plotted from regression fit
curves (sigmoidal, Hill, three parameter; f = axb/cb + xb) using
SigmaPlot12 (Systat Software, Inc.). Different letters represent a
significant difference by Z-test, P < 0.05. (b) Maximum quantum
yield [F,/Fy)]. Error bars show the SD (n = 30). Different letters
represent significant difference by Tukey’s test, P < 0.05.
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Figure 10. Age-dependent reactive oxygen species (ROS)
accumulation indicators in leaves of Arabidopsis thaliana. (a) In
situ H,O, detection assessed by 3,3’-diaminobenzidine (DAB)
staining. (b) Lipid peroxidation, as indicated by thiobarbituric
acid-reactive substances (TBARS). Error bars show the standard
deviation (n = 3). Different letters represent significant differences
by Tukey’s test, P < 0.05. The leaves used in the assays were always
the most externally positioned in the rosette at respective
ontogenetic phases: juvenile (2 weeks), adult (5 weeks),
reproductive (8 weeks) and senescent (11 weeks).

Here we proposed the use of the recently described meth-
odology for the determination of qPd and pNPQ (Ruban &
Murchie 2012) to assess the dynamics of the photosynthetic
response to light fluctuations during ontogenesis. It is clear
that, similar to previous reports on several species, which
used F./F,, (Siftel et al. 1993; Barker et al. 1997;1a Porta et al.
2006; Liu er al. 2009), Hill reaction activity (Kutik ez al. 2000)
and CO, assimilation parameters (Sestik & Catsky 1962;
Oquist et al. 1982; la Porta et al. 2006; Radochova & Ticha
2008), the amount of light tolerated by leaves was found to be
also dependent upon plant age. Furthermore, this consists of
a well-defined dynamic divided into three phases: a first
phase tolerance increase, a plateau phase at maximum toler-
ance and a tolerance decrease phase. This last phase is prob-
ably related to senescence processes (Biswal & Mohanty
1976; Bondada & Oosterhuis 1998; Nath er al. 2013). The
patterns observed in photosynthesis during ontogenesis
might be a consequence of energetic demands from meta-
bolic changes related to seedling growth, reproductive pro-
cesses and cell death.

Using the methodology described by Ruban & Murchie
(2012), it was possible for the first time to determine here the
amount of pNPQ formed in a range of light intensities from
0 to 1500 umol m~?s~!, throughout different phases of the
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Arabidopsis ontogeny. The pNPQ amplitude displayed a very
similar trend to age-dependent light tolerance curves, where
the maximum pNPQ values were observed in the reproduc-
tive phase, with lower values during juvenile and senescent
phases. Indeed, plants aged 8 weeks old (reproductive phase)
were able to tolerate light intensities ~2.6 times higher than
2-week-old plants (juvenile phase), and ~4.2 times higher
than 13-week-old plants (senescent phase). Considering
these remarkable differences, it is reasonable to deduce that
the age-dependent pNPQ gradient should have contributed
to this process. Interestingly, our previous studies on
Arabidopsis -npg4 (lacking PsbS protein), —LI7 (an
overexpresser of PsbS protein) and —npgl (unable to convert
violaxanthin to zeaxanthin) have exhibited the same gradi-
ents of pNPQ formation in comparison to the wild type
(Ruban & Belgio 2014; Ware et al. 2015). Thus, two important
ideas could be raised here: (1) pNPQ formation is age
dependent and (2) pNPQ formation is crucial to light toler-
ance of Arabidopsis plants during ontogenesis.

Indeed, plants with the same age exhibited differences
between the internal, intermediate and external leaves con-
cerning the tolerated light intensity. The inner leaves were
more sensitive to photoinhibition than the intermediate and
the external leaves. This is in agreement with the age-
dependent light tolerance verified in external leaves during
plant ontogenesis. Thus photoinhibition in Arabidopsis plants
is dependent not only on plant age but also on leaf age.
Moreover, besides the differences of light intensity related to
50% of photoinhibition between different leaf ages, no sig-
nificant differences in F\/F,, were observed between leaves at
different positions in the same rosette. This would indicate
that the maximum photochemical yield of RCII does not
change dramatically, yet the protective capacity of NPQ
requires some sort of evolution. These data corrobo-
rate the efficiency of the qPd parameter in quantifying
photoinhibition, as well as reinforce its crucial roles in the
light tolerance of plants.

Interestingly, the juvenile and the senescent plants studied
here presented the higher values of maximum NPQ at the
lower light intensities, but as they became photoinhibited
earlier, NPQ was not protective. Higher maximum NPQ
values in young compared to mature leaves have been
reported in several plant species (Dodd ef al. 1998; Manetas
et al. 2002; Liu et al. 2009). The sensitivity to photoinhibition
by young plants in comparison to mature ones is, however,
believed to be species dependent (Krause eral. 1995;
Dodd etal. 1998; Manetas eral. 2002; Choinski Jr. et al.
2003; Liu et al. 2009). Some species seem to exhibit higher
photoinhibition at juvenile phases in comparison to matur-
ity, as reported for Castilla -elastica, Ficus insipida,
Antirrhoea trichantha and Anacardium excelsum (Krause
etal. 1995). In contrast, other species present higher
photoinhibition at the mature phase, as reported for Rosa
sp. and Ricinus communis (Manetas et al. 2002). Besides the
different behaviours between species, the common conclu-
sion is that phototolerance is a consequence of activity of
antioxidative enzymes, pigment composition and total NPQ
formation.
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Several different metabolic processes take place in plants
at the reproductive phase, such as flowering (Chailakhyan
1968) and seed formation (Goldberg et al. 1994), which, in
turn, could act as an energy sink that would be favourable to
light tolerance. In principle, the estimate of the non-cyclic
ETR through PSII could provide some clues on the amount
of light energy that has been utilized by the plants (Baker
2008), in this specific case, at different ontogenetic phases.
Indeed, in the plants studied here, the ETR values varied
through the different plant ages in a similar trend to the
tolerated light intensities (50% of photoinhibition). This
means that plants at the reproductive phase were more effi-
cient in transporting electrons in the thylakoid membranes
for the formation of ATP and NADPH. A combination
between more efficient pNPQ formation and ETR should
have ensured Arabidopsis plants at the reproductive phase
have a better ability to cope with high light than the juvenile
and senescent phases. However, care is needed when
using the ETR parameter to compare plants at different
ontogenetic phases, as variations in the leaf thickness and
chlorophyll content are common (Avery 1933; Sestik &
Catsky 1962; Babani & Lichtenthaler 1996; la Porta et al.
2006; Liu et al. 2009). Moreover, ontogenetic changes in PSII/
PSI ratio between the juvenile, mature and senescent plants
could also interfere in the ETR calculus (Baker 2008). These
results could lead to a miscalculation of the true increase in
ETR capacity of mature plants.

Light tolerance associated with Arabidopsis ontogenesis
also presented a similar trend to the total chlorophyll
content. Indeed, the roles of chlorophyll molecules in anten-
nae function and composition have been known for a long
time, contributing to both the capture and dissipation of
energy (Peter & Thornber 1991; Bassi & Dainese 1992;
Ruban et al. 1999; Hogewoning et al. 2012; van Amerongen &
Croce 2013). The age-dependent pattern in chlorophyll
content exhibited here was also registered in several plant
species, such as Nicotiana sanderae (Sestak & Catsky 1962)
and Cupressus semperviren (la Porta et al. 2006). This pattern
is also associated with CO, assimilation rates (Sestik &
Catsky 1962; Babani & Lichtenthaler 1996; la Porta et al.
2006).

Indeed, several cellular and anatomical changes occur
during the leaf expansion and subsequent senescence. The
size of thylakoid membranes is known to increase in mature
plants compared to juveniles, whilst the stroma size decreases
(Kutik eral. 2000). During senescence, the breakdown of
thylakoid membranes is accompanied by the increase of
plastoglobuli formation (Kutik et al. 2000). In parallel, the
leaf thickness is also increased during the transition from
juvenile to mature phases (Avery 1933). The palisade cell
expansion and development in the intercellular spaces of the
spongy parenchyma are believed to occupy about one-third
of the mature leaf length. This contributes to the leaf thick-
ness increase during this period (Tichd 1985). Moreover, sun
leaves are known to present increased chlorophyll content
related to increased thickness of palisade tissue in compari-
son to shade-adapted leaves (Cui et al. 1991). Since the chlo-
rophyll content is related to leaf thickness, chloroplast
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expansion and thylakoid size, we propose that the similar
trend between chlorophyll content and age-dependent light
tolerance was possibly a consequence of the efficiency of
light screening during the different ontogenetic phases. These
screening mechanisms should have acted in parallel with
pNPQ in the protection of plant leaves against photo-
inhibition, to which plants at juvenile and senescent phases
were more sensitive.

Nath et al. (2013), working with Arabidopsis leaves during
the senescent phase, observed decreases in F./F,, NPQ, ETR,
total chlorophyll and D1 protein amount, but the chlorophyll
a/b ratios and the quantity of antenna proteins were more
stable. These results are in conformity with the data pre-
sented here on age-dependent light tolerance that presented
a similar trend to the amount of total chlorophyll and the
formation of pNPQ. Moreover, during senescence, the loss of
chlorophyll, as well as changes in chloroplast ultrastructure
(Bondada & Oosterhuis 1998), and possibly the accumula-
tion of ROS could have contributed to the decrease in the
light tolerance observed. Indeed, during senescence, several
changes in the cellular metabolism take place. Increases in
concentrations of H>O, and other ROS, degradation of car-
bohydrate reserves, proteins, lipid membranes and chloro-
phyll molecules have been reported frequently (Biswal &
Mohanty 1976; Munné-Bosch & Alegre 2002; Hortensteiner
2006; Zimmermann et al. 2006; Sabater & Martin 2013).

Interestingly, the dynamics of anthocyanin content during
ontogenesis was completely different from that of the total
chlorophyll and the light tolerance curves. The anthocyanins
were accumulated only in the initial and final stages of the
ontogenetic cycle studied here, reaching the maximum values
when the plants were more sensitive to the high light inten-
sities. This pattern was also previously reported for six differ-
ent species (Liu et al. 2009). Despite the described roles of
anthocyanins in UV-light screening (Takahashi & Badger
2011), the accumulation of these molecules here apparently
did not contribute crucially to an increase in the high light
tolerance during ontogenesis. Indeed, the major capability of
light absorption by anthocyanins occurs at UV range wave-
length. It means that these molecules are perhaps able to
contribute only in a minor extension to the screening of
visible light (especially around 550 nm); therefore, the frac-
tion of light related to Chl excitation should not be greatly
affected. Moreover, considering the well-known roles of
anthocyanins acting as antioxidants in plants (Zeng et al.
2010), it is reasonable to argue that the juvenile and senes-
cent anthocyanin accumulation observed here should be
related to their antioxidant function, rather than light filtra-
tion effect (Krause et al. 1995; Dodd et al. 1998; Liu et al.
2009; Zhang et al. 2014). Accordingly, with this hypothesis, the
juvenile and senescent leaves exhibited here the highest
H,0, accumulation (evaluated by in situ detection) and oxi-
dative stress (evaluated by TBARS).

Taken together, our data suggest that the A. thaliana plants
exhibit an efficient dynamic associated with the regulation of
photosynthesis in response to fast fluctuating light exposure
during ontogenesis. The amount of light tolerated by a given
leaf was quantified here, and our results indicate that the
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tolerated light intensities of leaves are strongly dependent on
plant age and the leaf developmental stage. The light inten-
sity tolerated increased from the first week after sowing until
8 weeks, followed by a decrease to 13 weeks. This trend was
similar to the observed total chlorophyll content, ETR and
pNPQ formation. This was completely different from antho-
cyanin accumulation. Additionally, leaves with different
physiological ages in the same rosette presented differences
in pNPQ in accordance with tolerated light intensities. Thus,
the pNPQ formation is age dependent and in parallel with
ETR and pigment light screening mechanisms; it is a crucial
factor in defining the ontogenetic tolerance of light exposure
in A. thaliana plants. Moreover, the successful use of this new
methodology for quantifying the photosynthetic dynamics
and light tolerance during Arabidopsis ontogenesis reveals
the great potential of the qPd parameter as an efficient tool in
the quantification of early symptoms of photoinhibition at
different physiological conditions.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Photosynthetic dynamics of Arabidopsis thaliana
plants aged 3 weeks. (a) Relationship between photosystem
IT (PSII) yield (closed circles), qPd (open circles) and non-
photochemical fluorescence quenching (NPQ) parameters.
The continuous line represents the theoretical yield, calcu-
lated by Eqn 1 of Materials and Methods. Error bars show
the SEM (n =30). (b) Relationship between NPQ, light
intensity and qPd parameters. qPd is represented by diamond
symbols, with the grey-scale shading reflecting the extent of
photodamage. (c) Percentage of photoinhibited leaves. Lines
represent regression fit curves (sigmoidal, Hill, three param-
eter; f=axb/(cb + xb)) with 95% confidence values plotted
using SigmaPlot12 (Systat Software, Inc.).

Figure S2. Photosynthetic dynamics of Arabidopsis thaliana
plants aged 5 weeks. (a) Relationship between photosystem
IT (PSII) yield (closed circles), qPd (open circles) and non-
photochemical fluorescence quenching (NPQ) parameters.
The continuous line represents the theoretical yield, calcu-
lated by equation 1 of materials and methods. Error bars
show the SEM (n = 30). (b) Relationship between NPQ, light
intensity and qPd parameters. qPd is represented by diamond
symbols, with the grey-scale shading reflecting the extent of

70

photodamage. (c) Percentage of photoinhibited leaves. Lines
represent regression fit curves (sigmoidal, Hill, three param-
eter; f=axb/chb + xb) with 95% confidence values plotted
using SigmaPlot12 (Systat Software, Inc.).

Figure S3. Photosynthetic dynamics of Arabidopsis thaliana
plants aged 9 weeks. (a) Relationship between photosystem
IT (PSII) yield (closed circles), gPd (open circles) and non-
photochemical fluorescence quenching (NPQ) parameters.
The continuous line represents the theoretical yield, calcu-
lated by Eqn 1 of Materials and Methods. Error bars show
the SEM (n=30). (b) Relationship between NPQ, light
intensity and qPd parameters. qPd is represented by diamond
symbols, with the grey-scale shading reflecting the extent of
photodamage. (c) Percentage of photoinhibited leaves. Lines
represent regression fit curves (sigmoidal, Hill, three param-
eter; f=axblch + xb) with 95% confidence values plotted
using SigmaPlot12 (Systat Software, Inc.).

Figure S4. Photosynthetic dynamics of Arabidopsis thaliana
plants aged 10 weeks. (a) Relationship between photosystem
1T (PSII) yield (closed circles), qPd (open circles) and non-
photochemical fluorescence quenching (NPQ) parameters.
The continuous line represents the theoretical yield, calcu-
lated by Eqn 1 of Materials and Methods. Error bars show
the SEM (n=30). (b) Relationship between NPQ, light
intensity and qPd parameters. qPd is represented by diamond
symbols, with the grey-scale shading reflecting the extent of
photodamage. (c) Percentage of photoinhibited leaves. Lines
represent regression fit curves (sigmoidal, Hill, three param-
eter; f=axb/chb + xb) with 95% confidence values plotted
using SigmaPlot12 (Systat Software, Inc.).

Figure S5. Photosynthetic dynamics of Arabidopsis thaliana
plants aged 12 weeks. (a) Relationship between photosystem
IT (PSIT) yield (closed circles), qPd (open circles) and non-
photochemical fluorescence quenching (NPQ) parameters.
The continuous line represents the theoretical yield, calcu-
lated by Eqn 1 of Materials and Methods. Error bars show
the SEM (n=30). (b) Relationship between NPQ, light
intensity and qPd parameters. qPd is represented by diamond
symbols, with the grey-scale shading reflecting the extent of
photodamage. (c) Percentage of photoinhibited leaves. Lines
represent regression fit curves (sigmoidal, Hill, three param-
eter; f=axb/cb + xb) with 95% confidence values plotted
using SigmaPlot12 (Systat Software, Inc.).

Figure S6. Anthocyanin visible absorption spectra profile
measured in leaves of 7-week-old Arabidopsis thaliana
plants. The absorbance was measured with a spectro-
photometer (U-330, Hitachi, Tokyo, Japan) using wave-
lengths ranging from 400 to 750 nm, with 1 nm of resolution.
The spectra represent the average of extracts from three
independent leaves.

Figure S7. Electron transport rate versus light intensity
curves measured in Arabidopsis thaliana plants from 1 to 13
weeks old. Lines represent regression fit curves (Exponential
Rise to Maximum; Single, 2 Parameter f=a*(1-exp
(-b*x))) with 95% confidence values plotted using
SigmaPlot12 (Systat Software, Inc.).

Figure S8. Photosynthetic dynamics of intermediate leaves in
Arabidopsis thaliana aged 8 weeks. (a) Relationship between
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photosystem II (PSII) yield (closed circles), qPd (open
circles) and non-photochemical fluorescence quenching
(NPQ) parameters. The continuous line represents the theo-
retical yield, calculated by equation 1 of materials and
methods. Error bars show the SEM (n = 30). (b) Relationship
between NPQ, light intensity and qPd parameters. qPd is
represented by diamond symbols, with the grey-scale shading
reflecting the extent of photodamage. (c) Percentage of
photoinhibited leaves. Lines represent regression fit curves
(sigmoidal, Hill, three parameter; f = axb/cb + xb) with 95%
confidence values plotted using SigmaPlot12 (Systat Soft-
ware, Inc.).

Figure S9. Photosynthetic dynamics of inner leaves in
Arabidopsis thaliana aged 8 weeks. (a) Relationship between
photosystem II (PSII) yield (closed circles), qPd (open
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circles) and non-photochemical fluorescence quenching
(NPQ) parameters. The continuous line represents the theo-
retical yield, calculated by Eqn 1 of Materials and Methods.
Error bars show the SEM (n = 30). (b) Relationship between
NPQ, light intensity and qPd parameters. qPd is represented
by diamond symbols, with the grey-scale shading reflecting
the extent of photodamage. (c) Percentage of photoinhibited
leaves. Lines represent regression fit curves (sigmoidal, Hill,
three parameter; f=axb/ch +xb) with 95% confidence
values plotted using SigmaPlot12 (Systat Software, Inc.).
Table S1. Physiological markers of the four ontogenetic
phases studied (juvenile, adult, reproductive and senescent).
Arabidopsis thaliana plants were grown at 24 °C (day)/18 °C
(night), 45% humidity, 175 + 20 umol m= s™" actinic light and
photoperiod of 10 h.
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Table S1. Physiological markers of the four ontogenetic phases studied (juvenile, adult, reproductive
and senescent). Arabidopsis thaliana plants were grown at 24°C (day)/18°C (night), 45% humidity,
175+ 20 pmol m s! actinic light and photoperiod of 10 hours.

Most external
Most external leaf

Age Rosette Inflorescence o leaf area
Plant phase . physiological density
(weeks) size features markers
(mg em”)*
_ 0-6 Toseite Rounded, reduced or 23.02+1.36¢
Juvenile 0-3 lea Not present absent epinastic
caves curvature (2 weeks)
20-100% Oblong, serrated 33.2342.00a
Adult 4-6 rosette Not present border, presence of
diameter epinastic curvature (6 weeks)
Oblong, serrated
0 )
. 100% Vertical flowering border, increase of 35.53+3.32a
Reproductive 7-8 rosette Lo
. branch emerged epinastic curvature, (8 weeks)
diameter .
scarce chlorosis spots
Oblong, serrated
100% Gradual increment  border, high epinastic 27.87+1.88b
Senescent >8 rosette in the number of curvature, large and
diameter matured siliques abundant chlorosis (11 weeks)

spots

*Average and standard deviation (n=6). Different letters mean significant differences tested by

Tukey’s test, with p<0.05.
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Fig. S1. Photosynthetic dynamics of Arabidopsis thaliana plants aged 3 weeks. (A) Relationship
between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The continuous line
represents the theoretical yield, calculated by equation 1 of materials and methods. Error bars show
the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters. qPd is
represented by diamond symbols, with the grey-scale shading reflecting the extent of photodamage.
(C) Percentage of photoinhibited leaves. Lines represent regression fit curves (sigmoidal, Hill, three

parameter; f=axb/cb+xb) with 95% confidence values plotted using SigmaPlot12 (Systat Software,

Inc., Chicago, IL, USA).
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Fig. S2. Photosynthetic dynamics of Arabidopsis thaliana plants aged 5 weeks. (A) Relationship

between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The continuous line

represents the theoretical yield, calculated by equation 1 of materials and methods. Error bars show

the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters. qPd is

represented by diamond symbols, with the grey-scale shading reflecting the extent of photodamage.

(C) Percentage of photoinhibited leaves. Lines represent regression fit curves (sigmoidal, Hill, three

parameter; f=axb/cb+xb) with 95% confidence values plotted using SigmaPlot12 (Systat Software,

Inc., Chicago, IL, USA).
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Fig. S3. Photosynthetic dynamics of Arabidopsis thaliana plants aged 9 weeks. (A) Relationship
between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The continuous line
represents the theoretical yield, calculated by equation 1 of materials and methods. Error bars show
the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters. qPd is
represented by diamond symbols, with the grey-scale shading reflecting the extent of photodamage.
(C) Percentage of photoinhibited leaves. Lines represent regression fit curves (sigmoidal, Hill, three

parameter; f=axb/cb+xb) with 95% confidence values plotted using SigmaPlot12 (Systat Software,

Inc., Chicago, IL, USA).
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Fig. S4. Photosynthetic dynamics of Arabidopsis thaliana plants aged 10 weeks. (A) Relationship
between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The continuous line
represents the theoretical yield, calculated by equation 1 of materials and methods. Error bars show
the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters. qPd is
represented by diamond symbols, with the grey-scale shading reflecting the extent of photodamage.
(C) Percentage of photoinhibited leaves. Lines represent regression fit curves (sigmoidal, Hill, three

parameter; f=axb/cb+xb) with 95% confidence values plotted using SigmaPlot12 (Systat Software,

Inc., Chicago, IL, USA).
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Fig. SS. Photosynthetic dynamics of Arabidopsis thaliana plants aged 12 weeks. (A) Relationship
between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The continuous line
represents the theoretical yield, calculated by equation 1 of materials and methods. Error bars show
the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters. qPd is
represented by diamond symbols, with the grey-scale shading reflecting the extent of photodamage.
(C) Percentage of photoinhibited leaves. Lines represent regression fit curves (sigmoidal, Hill, three

parameter; f=axb/cb+xb) with 95% confidence values plotted using SigmaPlot12 (Systat Software,

Inc., Chicago, IL, USA).
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Fig. S6. Anthocyanin visible absorption spectra profile measured in leaves of 7 week old Arabidopsis
thaliana plants. The absorbance was measured with a spectrophotometer (U-330, Hitachi, Tokyo,
Japan) using wavelengths ranging from 400 to 750 nm, with 1 nm of resolution. The spectra represent

the average of extracts from 3 independent leaves.
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Fig. S7. Electron transport rate vs light intensity curves measured in Arabidopsis thaliana plants from

1 to 13 weeks old. Lines represent regression fit curves (Exponential Rise to Maximum; Single, 2

Parameter f = a*(1-exp(-b*x))) with 95% confidence values plotted using SigmaPlotl2 (Systat

Software, Inc., Chicago, IL, USA).
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Fig. S8. Photosynthetic dynamics of intermediate leaves in Arabidopsis thaliana aged 8 weeks. (A)
Relationship between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The
continuous line represents the theoretical yield, calculated by equation 1 of materials and methods.
Error bars show the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters.
qPd is represented by diamond symbols, with the grey-scale shading reflecting the extent of
photodamage. (C) Percentage of photoinhibited leaves. Lines represent regression fit curves

(sigmoidal, Hill, three parameter; f=axb/cb+xb) with 95% confidence values plotted using

SigmaPlot12 (Systat Software, Inc., Chicago, IL, USA).
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Fig. S9. Photosynthetic dynamics of inner leaves in Arabidopsis thaliana aged 8 weeks. (A)
Relationship between PSII yield (closed circles), qPd (open circles) and NPQ parameters. The
continuous line represents the theoretical yield, calculated by equation 1 of materials and methods.
Error bars show the SEM (n=30). (B) Relationship between NPQ, light intensity and qPd parameters.
qPd is represented by diamond symbols, with the grey-scale shading reflecting the extent of
photodamage. (C) Percentage of photoinhibited leaves. Lines represent regression fit curves
(sigmoidal, Hill, three parameter; f=axb/cb+xb) with 95% confidence values plotted using

SigmaPlot12 (Systat Software, Inc., Chicago, IL, USA).

Fabricio E.L Carvalho



INTERCHAPTER

In the chapter I1, it was investigated the use of new fluorescence-based methodology
that uses the coefficient of photochemical quenching measured in the dark following
illumination (qPd) to assess the intactness of RClIIs. This methodology was tested in a
practical physiological problem regarding light tolerance changes during Arabidopsis
thaliana ontogenesis. The data obtained highlighted the great potential of this technique for
the tracking of the exact onset of photoinhibition in illuminated plants. Differently from
other methodologies related to photoinhibition, which demands the light exposure
interruption (Fv/Fm) or tissue maceration (D1 blotting), qPd, is a fast, non-destructive and
efficient method to quantify photoinhibition. Moreover, the relationship between qPd and
NPQ provides a new perspective of NPQ study, which encompass the calculation of the
exact fraction of NPQ formed that confers photoprotection to RC, this parameter was called
pNPQ. Light tolerance in A. thaliana plants during ontogenesis exhibited a close relation
with efficiency in pNPQ generation. In addition, pNPQ formation efficiency was associated
with higher amounts of chlorophyll molecules and reduced levels of reactive oxygen species
(ROS). However, as the relationship between pNPQ, classical NPQ components such as qE
and plant physiological problems still not completely clear, further studies regarding these

mechanisms underlying NPQ were grouped in the next chapter.
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Abstract - Plants are sessile organisms that frequently have to face oscillations in light
availability. Because of daily or seasonal variations, plants are constantly exposed to light
intensities that are lower than necessary for optimal metabolic activity or higher enough to cause
damage to photosystem II (PSII) reaction centers (RCs) and photoinhibition. Therefore, plants
evolved several strategies to cope with these adverse conditions. The protective non-
photochemical quenching (pNPQ) is a recently described photochemical parameter, related to
the specific amount of formed NPQ, which confers photoprotection to PSII RCs. Recently, was
demonstrated that the pNPQ formation in 4. thaliana is age-dependent and close related to the
amount of light that plants could tolerate during different phases of ontogenesis. Thus, aiming
to clarify the mechanisms underlying the age-dependent pNPQ formation, PsbS protein
accumulation, apH dynamics, carotenoid contents and ratios of PSII/PSI super-complexes in
juvenile, mature and senescent Arabidopsis plants were assessed. Juvenile plants exhibited
higher PsbS amounts compared to senescent plants and higher zeaxanthin accumulation in
comparison to mature and senescent plants. However, the capability of apH formation in mature
and senescent plants was higher than that of juvenile plants. Despite a higher ApH formation
observed in senescent plants, the combination of lower amounts of PsbS and zeaxanthin might
have contributed to restriction of pNPQ formation during senescence. In juvenile plants, the
lower apH formation and PSII/PSI ratio probably were decisive to restrict the pNPQ formation.
Nevertheless, the mature plants exhibited the most advantageous combination of NPQ
underlying mechanisms, which probably contributed to the most efficient pNPQ formation and
subsequently the higher light intensities tolerated. However, further studies are still needed

regarding the molecular mechanisms underlying pNPQ.

Key-words: ontogenesis, light tolerance, photoinhibition, protective NPQ
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Introduction

Photosynthesis is a complex metabolic process closely related to efficient sunlight
capture and subsequently reduction of atmospheric CO; (Raven, 1984). During photosynthesis,
the potential energy generated from proton/electrochemical gradient in thylakoid membranes is
subsequently employed for ATP and NADPH production, which are used in the Calvin-Benson
cycle as energy donor and reducing power, respectively, for CO, assimilation (Arnon et al.,
1954; Hill and Bendall, 1960; Paul and Foyer, 2001). Light irradiance intensities change
dramatically as consequence of the seasonal variation, the normal photoperiod or even an
eventual shadowing day (Ruban, 2014). Because plants are sessile organisms, during evolution,
natural selection pressure has driven plants to develop several strategies to cope with the light
fluctuations (Ruban, 2014). These strategies are especially represented by mechanisms related
to optimization of light capture during shadowing and excess energy drain during excessive
light stress.

Under light, electrons are transported from PSII reaction centers (RCII) by
electron/proton carriers in the thylakoid membrane (PETC). The generation of a redox- and
proton energy gradient is a direct consequence of this process. However, as the events related
to CO; assimilation in Calvin-Benson cycle are much slower than the charge separation event
in PSII, the occurrence of excess electrons in PETC is very usual (Ruban, 2014). The excess
energy could lead to reactive oxygen species (ROS) generation at both PSII and photosystem I
sites (Asada, 2006; Zulfugarov et al., 2014). Excessive ROS could cause deleterious effects to
lipid membranes, proteins and DNA, eventually leading to organism death (Apel and Hirt,
2004). Fortunately, the occurrence of both mechanisms of excess energy formation avoidance
and ROS scavenging are widespread in higher plants (Takahashi and Badger, 2011). Among
the mechanisms related to excess energy avoidance, the non-photochemical quenching (NPQ)

is one of the most important (Ruban et al., 2012). NPQ is composed of four major processes:
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state transition (qT), photoinhibition (ql), heat dissipation (qE) and zeaxanthin-dependent (qZ)
quenching (Baker, 2008; Ruban, 2014).

The major and fastest component of NPQ, qE, acts in RCII photoprotection and is
related to the excess energy dissipation as heat (Baker, 2008; Ruban et al., 2012). The site of
gE formation is believed to be the light harvesting antenna of PSII, but this issue is still under
discussion (Horton et al., 1996; Ruban et al., 2007; Ahn et al., 2008). In contrast, a relative
consensus regarding the mechanisms underlying qE formation has been established in the last
decades. Firstly, the increase in the lumen pH is the key event for triggering qE (Krause and
Behrend, 1986; Ruban et al., 1992). Secondly, the roles of zeaxanthin and PsbS protein in this
event are to increase the sensitivity of the membrane to pH changes by binding to antenna
proteins (Demmig-Adams and Adams, 1992; Funk et al., 1995; Li et al., 2002; Niyogi et al.,
2005). After zeaxanthin and PsbS binding, a new state of aggregation at light harvesting
complexes is achieved, allowing excess energy dissipation as heat (Ruban et al., 1992; Farber
et al., 1997; Ruban et al., 1999; Betterle et al., 2009; Johnson and Ruban, 2011).

During plant ontogenesis, several physiological changes take place (Avery and Avery
Jr, 1933; Milthorpe, 1959; Hopkinson, 1964). In Arabidopsis thaliana, the emergence of the
radicle, hypocotyl and cotyledon occur around 4-5 days after sowing, followed by a succession
of distinct phases regarding to shoot growth (Boyes et al., 2001). The juvenile phase consists
of vegetative growth, when the leaves are smaller and rounded, with trichomes on the adaxial
side and a lack of serrations along the margin (Kerstetter and Poethig, 1998; Kozuka et al.,
2005). The adult phase is characterized by a bigger rosette, in terms of number of leaves and
total diameter (Boyes et al., 2001). The leaves are larger, elongated, the trichomes are present
on both adaxial and abaxial surfaces, and the serrations along the margin are frequent
(Kerstetter and Poethig, 1998; Tsukaya, 2002). The reproductive phase is marked by
inflorescence and is strongly regulated by the photoperiod prehistory (Amasino, 2010). The last

phase (senescence) marks the end of the plant life cycle. This phase is recognized by the gradual
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appearance of necrosis on the leaves, followed by abscission and plant death (Matile et al.,
1992).

Recently, Carvalho et al. (2015) studying the roles of NPQ in photoprotection of
Arabidopsis plants during ontogenesis, employed a new methodology (Ruban and Murchie,
2012) for photoinhibition detection. This methodology is based on measurement of
photochemical quenching in the dark (qPd) and subsequent estimation of the NPQ fraction
effectively associated with photoprotection, the protective NPQ (pNPQ). Arabidopsis plants
exhibited higher tolerance to light during the early reproductive phase. This tolerance was
closely related with total chlorophyll content and pNPQ formation (Carvalho et al., 2015).
However, an important question remains unknown: which biochemical changes, related to
ontogenesis, could be underlying the different pNPQ throughout Arabidopsis life cycle? To
answer this question, it is noteworthy that the main photoprotective NPQ component, qE, is
dependent on three main mechanisms: a) ApH gradient accumulation between the lumen and
the stromal sides of the thylakoid membranes, b) signal transduction from this aApH gradient to
the zeaxanthin deepoxidase activity promoted by PsbS protein and ¢) the zeaxanthin binding to
the antenna complexes. Thus, we hypothesized that plants at different ontogenetic phases might
exhibit consistent modulation of these three above mechanisms.

Aiming to test our hypothesis, A. thaliana plants (Col-0) at three distinct phases of
ontogeny, juvenile (3 weeks old), reproductive (8 weeks old) and senescent (12 weeks old) were
evaluated in regarding to the PsbS protein content, ApH accumulation dynamics, carotenoid
contents and ratios of PSII/PSI super-complexes. Taken together, our data evidenced that both
juvenile and senescent plants were restricted in important mechanisms related to NPQ
formation. Thus, it is reasonable to suggest that differences in pNPQ formation are dependent
on the balance between PsbS content, ApH accumulation and violaxanthin/zeaxanthin de-
epoxidase activity, according to our hypothesis. Nevertheless, the mature plants exhibited the

most advantageous combination of NPQ underlying mechanisms. This feature exhibited by
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reproductive plants was probably detrimental to the most efficient pNPQ formation and

subsequently higher light intensity tolerance.

Material and methods

Plant growth

Arabidopsis thaliana plants, ecotype Col-0, were sown into 0.3 L pots containing a 6:6:1
mixture of soil, potting compost (John Innes Manufacturers Association, Berkshire, UK) and
perlite. The germination occurred in a growth chamber with 24°C (day)/18°C (night), 45%
humidity, 100 pmol m™ s actinic light intensity, and 10 h photoperiod. After 1 week the plants
were transferred to growth shelves with the same previously described conditions, but under
175 umol m s! actinic light. Plants were grown under these conditions for up to 12 weeks.
For apH fluorimetric determination, 30 leaves from independent plants were used. In every
measurement only the leaves most externally positioned in the rosette, at respective ontogenetic
phases, were utilized. The same criteria were adopted for collecting the leaves used for PsbS,

carotenoids and ratios of photosynthetic super-complexes determinations.

Chloroplasts and thylakoids membranes preparation

Intact chloroplasts were prepared by homogenizing fresh tissue (5-10 g) in ice-cold
grinding medium (330 mM sorbitol, 5 mM MgCl,, 10 mM NasP>O7, pH 6.5, 2 mM iso-
ascorbate) with a polytron. The homogenate was then filtered through four layers of muslin
followed by two layers of muslin and one layer of cotton wool. The filtrate was centrifuged for

10 min at 5,000 g, and the chloroplast-enriched pellet was resuspended in wash buffer (330 mM
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sorbitol, 10 mM MES, pH 6.5). In order to isolate stacked thylakoid membranes, chloroplast-
enriched preparation was further centrifuged by 10-min at 5,000 g. The pellet was then
resuspended in 5 mM MgCl, for 30 s to lyse any remaining intact chloroplasts, followed by an
equal volume of osmoticum (660 mM sorbitol, 20 mM KCIl, 2 mM EDTA, and 100 mM
HEPES, pH 6.5). After further centrifugation, thylakoids were resuspended in 20 mM Bis-Tris

(pH 6.5), 5 mM MgCL.

Determination of spH gradient in isolated chloroplasts

The apH was determined by measuring 9-aminoacridine (9-AA) fluorescence using the
dual-ENADPH and Dual-DNADPH modules for the Dual- PAM-100 chlorophyll fluorescence
analyser (Walz, Germany). A total volume of 1.4 mL of intact chloroplasts suspension was
measured in a quartz cuvette at a 0.018 mg mL™!' chlorophyll concentration, under continuous
stirring and in the presence of 0.001 mM 9-AA. The reaction medium contained 450 mM
sorbitol, 20 mM HEPES, 20 mM MES, 20 mM sodium citrate, pH 8.0, 10 mM EDTA, 10 mM
NaHCOs3, 0.1 % BSA, 5 mM MgCl,. Ascorbate was omitted from all buffers to prevent further
de-epoxidation taking place during illumination. Where mentioned, 0.4 mM DAD
(diaminodurene) or 0.1 mM MV (methyl viologen), both in their reduced form, was added to
intact chloroplasts to stimulate LEF. Excitation was provided by 365 nm LEDs and fluorescence
emission was detected between 420 and 580 nm. apH was estimated from the values of 9-AA
quenching, using the equation: aApH =log[1/ (1 - Q) + O/(1 - Q)](Vout/Vin), where Q is the level
of 9-AA quenching, Vout is the sample volume (1.4 mL), and Vin is the lumen volume (0.056

mL mg™! of chlorophyll) (Schuldiner et al., 1972).

PsbS western blotting
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Leaf extracts (1.2 pug chlorophyll) were first separated by SDS-PAGE (Laemmli, 1970).
Subsequently, they were electrophoretically transferred to a nitrocellulose membrane (Towbin
et al., 1979). Next, the membrane was blocked overnight with 5% (m/v) non-fat milk in 100
mM Tris-HCI buffer, pH 7.6, containing 150 mM NacCl, and 0.05% Tween-20 and incubated
with the primary polyclonal antibodies against PsbS (Agrisera®, Sweden). The specific
polypeptide was revealed after incubation with the secondary antibodies conjugated with
peroxidase (Agrisera®, Sweden). ECL plus Western Blotting Detection System® was used for

detection (GE Healthcare Life Sciences®, UK), according to manufacturer’s instructions.

Carotenoid and chlorophyll contents

Extraction of total carotenoids and chlorophylls from ~100 mg Arabidopsis fresh leaves
was carried out by maceration in the presence of 1 mL ice cold 80% (v/v) acetone in 2.5 mM
sodium phosphate buffer, pH 7.8, as previously described (Porra et al., 1989). The leaves were
previously illuminated — 380 pmol m™ s, for 45 min, in the presence of saturating No.
Separation and quantification of these pigments were achieved with a LiChrospher 100 RP-18
column with 5-bm particle size (Merck®, Germany) coupled to a HPLC system (Thermo
Scientific™/Dionex™, USA). The following solvent solutions were utilized: solvent A (87 %
acetonitrile, 10 % methanol and 3 % 100 mM tris-HCI buffer, pH 8.0) and solvent B (80 %
methanol, 20 % Hexane). The run profile consisted of: 0 min to 9 min, 100% A; 9.1 min to 12.5
min, 0% to 100% B; 12.6 min to 18 min, 100% B; 18.1 min to 19 min, 100% to 0% B and 19.1
min to 23 min, 100% A. The flow was set to 1 mL min!. Eluted pigments were monitored at
440 nm. Calculation of the pigment concentrations was done on the base of pure pigment
standard concentrations. Neoxanthin and violaxanthin were previously isolated by thin-layer
chromatography. Chl a and b were purchased from Serva® (Germany), lutein and B-carotenoids

from Sigma® (USA) and zeaxanthin was a kind gift from Hoffmann-LaRoche (Basel,
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Switzerland). The factors used were respectively: 2772 (neoxanthin), 3211 (violaxanthin), 2192
(lutein), 2707 (Zea), 1609 (Chl a), 1298 (Chl b), and 2001 (B-carotenoids), expressed as peak

area (mm?.pmol ™) of the respective pigment (Farber et al., 1997).

Separation of the Photosynthetic protein supercomplexes

Gel filtration (fast protein liquid chromatography, FPLC) was performed with stacked
thylakoid membranes obtained as described previously (Ruban et al., 2006). Firstly, 1.0 mg
chlorophyll mL™! of isolated thylakoids were solubilised with n-dodecyl-o-D-maltoside to 1%
final concentration and incubated for 1 min. After centrifugation at 16000 x g for 1 min, 25 °C,
the supernatant was filtered through a 0.45 um filter and loaded on a Superdex 200 HR 10/30
exclusion chromatography column® (Amersham-Pharmacia®, UK) coupled to an Amersham-
Pharmacia Acta purifier system®. The mobile phase utilized consisted of 20 mM BisTris (pH
6.5), 5 mM MgCl; and 0.03% a-DM and the flow rate was set as 0.5 ml/min. The 670nm,

700nm and 260nm absorbencies were monitored.

77 K fluorescence emission spectra

Stacked thylakoid membranes were obtained as previously described by Ruban et al.
(2006). The thylakoid membranes isolated were subsequently injected into the sample holder
and shock-frozen in liquid N> (Ware et al., 2015). Measurements were performed at 77 K using
a custom-made cryostat and Jobin Yvon FluoroMax-3 spectrophotometer. Fluorescence
spectral resolution was set as 1 nm, with 5 nm of spectral bandwidth and excitation defined as

435 nm.

Statistical design
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The experiment was arranged in a completely randomized design at three plant ages (juvenile,
reproductive and senescent) with four independents replicates. Each replicate consisted of an
individual pot containing one independent plant. Data were analysed by ANOVA, and the
means were compared using the Tukey’s test at 0.05 confidence level using the SigmaPlot® 12

software (Systat Software, Inc., USA).

Results

Arabidopsis reproductive phase plants exhibited the most advantageous combination of NPQ

formation underlying mechanisms

Our hypothesis is that age-dependent pNPQ formation differences previously reported
for A. thaliana plants are a consequence of deep changes of the mechanisms underlying the
NPQ formation. Aiming to test this hypothesis, A. thaliana plants at three different phases of
ontogeny were studied in terms of PsbS protein amount, capability of apH formation and
zeaxanthin/violaxanthin balance.

Plants at juvenile phase were collected 3 weeks after germination. They were
characterized by the presence of approximately 6 leaves in the rosette (less than 20% of rosette
final diameter), rounded leaves with scarce trichomes and reduced or absent epinastic curvature
(Fig. 1A). The mature phase plants were collected at 8 weeks after germination. They were
characterized by the presence of emerging first reproductive branches, bigger rosettes than
those at juvenile phase (100% of final rosette diameter), and several leaves per rosette, which
are oblong, with serrated border and increased epinastic curvature. Moreover, the first scarce
leaf chlorosis spots were seen at this phase (Fig. 1B). Finally, the senescent phase plants were

collected 12 weeks’ post-germination. These plants presented complete reproductive
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maturation, and exhibited several mature siliques in the branches. The leaves were oblong with
serrated border, presented higher epinastic curvature in comparison to those at the mature phase
and large and abundant chlorosis spots in the leaves (Fig. 1C).

The PsbS protein amount, which is associated with the binding of zeaxanthin to antenna
complexes and subsequent formation of heat component of NPQ (qE), was evaluated by
western blotting. Plants at the juvenile phase presented approximately 60% higher PsbS amount
in comparison to senescent plants (Fig. 2; Tukey’s test, p<0.05). In contrast, mature plants
presented no significant differences between juvenile or senescent plants (Fig. 2; Tukey’s test,
p<0.05). The proton gradient formation (apH) is a crucial event in the activation of de-
epoxidation of violaxanthin to zeaxanthin and subsequently NPQ formation. In the current
study, juvenile plants presented approximately 20 % and 30 % lower capability of apH
formation during exposure to light in comparison to mature and senescent plants, respectively
(Fig. 3; Tukey’s test, p<0.05). In parallel, senescent plants presented around 15 % higher ability
of apH formation after light exposure in comparison to mature plants (Fig. 3; Tukey’s test,
p=<0.05). The zeaxanthin/violaxanthin balance is also a very important mechanism associated
with qE formation. The conversion of violaxanthin to zeaxanthin, which occurs in response to
light, is a vital event to NPQ formation, since zeaxanthin binding to LHCII leads to changes in
this antenna-complex conformation, favouring the energy dissipation as heat (qE).

The juvenile plants presented higher de-epoxidation state (66 %) and higher zeaxanthin
and anteroxanthin contents (144 % and 66 %, respectively), in comparison to senescent plants
(Fig. 4 Tukey’s test, p<0.05). However, mature plants presented the higher total xanthophyll’s
cycle pool in comparison to juvenile (100 % higher) and senescent (270 % higher) plants (Fig.4
Tukey’s test, p<0.05). In parallel, mature phase plants also exhibited the highest content of
neoxanthin (64 % and 32 %, in comparison to juvenile and senescent plants, respectively) and

the lowest content of B-carotenoids, approximately 15 % of the values found for the other
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studied ontogenetic phases (Fig.4 Tukey’s test, p<0.05). No significant differences of lutein

content were detected among the ontogenetic phases studied (Fig.4 Tukey’s test, p<0.05).

Age-dependent differences in Photosynthetic protein super-complex ratios and PSII/PSI ratios

As PSII antenna super-complexes are the most likely site of q(E) formation
(photoprotective heat-component of NPQ), the dynamics of thylakoidal photosynthetic super-
complex content was investigated (Fig. 5). Plants at mature phase exhibited the highest content
of PSII-LHCII super-complexes, PSI, PSII Core and LHCII trimmers in comparison to juvenile
and mature plants (Table 1; Tukey’s test, p<0.05). In turn, plants at juvenile phase presented
higher content of PSII-LHCII super-complexes, PSI, PSII Core and LHCII trimmers than
senescent plants (Table 1; Tukey’s test, p<0.05). In opposition, the PSII/PSI ratio was higher in
senescent plants in comparison to both the other ontogenetic phases, especially compared to
juvenile phase, which represented about 30% of the senescence plant ratios. This relationship
was also corroborated by 77 K fluorescence measurements, which also indicated a higher
PSII/PSI ratio in senescent plants compared to the other two studied ontogenetic phases (Fig.

6; Table 2; Tukey’s test, p<0.05).

Discussion

In order to increase the knowledge of plant ontogenesis-dependent light tolerance, our
research group has recently employed a novel methodology to advance our understanding of
the dynamics of photoinhibition and photoprotection. These consisted of two new parameters:
the dark photochemical quenching (qPd) determination, a new photosynthetic parameter close
related to the onset of photoinhibition during light exposure (Ruban and Belgio, 2014; Ware et

al., 2014; Giovagnetti and Ruban, 2015; Ware et al., 2015); and the protective non-
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photochemical quenching (pNPQ), the specific amount of NPQ formed which is able to
concretely lead to photoprotection (Ruban and Murchie, 2012; Ruban and Belgio, 2014; Ware
et al., 2014; Giovagnetti and Ruban, 2015; Ware et al., 2015). Both these new fluorimetric tools
to assess the dynamics of the photosynthetic response to light fluctuations during ontogenesis
had previously been employed in A. thaliana studies done by our group (Carvalho et al., 2015).

A. thaliana plants display an efficient dynamic of phototolerance during ontogenesis
(Nath et al., 2013; Carvalho et al., 2015). The light intensity tolerated increased from the first
week after sowing until 8 weeks - from juvenile to mature phases, followed by a decrease until
13 weeks - from mature to senescent phases (Carvalho et al., 2015). This trend was correlated
with pNPQ formation, indicating that this parameter could turn out to be a crucial factor in
define the ontogenetic tolerance of light exposure in 4. thaliana plants. Since utilization of
pNPQ parameter as an indicative of the correlation of NPQ fraction with PSII photoprotection
is very recent in the literature (Ruban and Murchie, 2012), its physiological relevance was not
elucidated yet. However, previous studies on Arabidopsis -npq4 (lacking PsbS protein), -L17
(an overexpresser of PsbS protein), and -npg! (unable to convert violaxanthin to zeaxanthin)
showed consistent gradients of pNPQ formation in comparison to the wild type (Ruban &
Belgio, 2014; Ware et al. 2014). Moreover, it was previously reported the relationship between
gPd, as a photoinhibition marker, and photosynthetic oxygen evolution in intact leaves of
Arabidopsis. Thus, these evidences have supported the consistence of qPd as an indicative of
photoinhibition and its derived parameter, pNPQ, as related to a photoprotective mechanism,
possibly heat dissipation component of NPQ, qE (Ruban and Belgio, 2014; Ware et al., 2014;
Carvalho et al., 2015; Giovagnetti and Ruban, 2015).

Our data concerning pNPQ and the mechanisms underlying NPQ formation during
ontogenesis add a new step on the discussion of pNPQ interpretation as an indicative of a
photoprotection mechanism. Indeed, young plants exhibited higher PsbS relative amount in

comparison to the other studied ages (Fig. 1). The main role of PsbS protein in the process of
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NPQ formation is, by binding to antenna proteins, to increase the sensitivity of the membrane
to pH changes, producing a new state of aggregation of light harvesting complexes that allow
the excess energy dissipation as heat (Funk et al., 1995; Li et al., 2002; Niyogi et al., 2005).
Indeed, Arabidopsis -npg4 (lacking PsbS protein), which exhibits strong impairment in qE
formation, are able to revert this deficiency if supplied with an artificial apH inductor, such as
DAD (Johnson and Ruban, 2011). Such reports suggest that the PsbS protein plays a signal
amplifier role in thylakoidal events that lead to qE formation (Johnson and Ruban, 2011). In
this current study, juvenile plants exhibited the lowest potential of apH among the studied plants
(Fig. 2). Thus, these results indicate that the higher relative amount of PsbS presented by
juvenile plants might be related to a compensatory mechanism to the low apH formation
capability displayed by these young plants.

Juvenile plants also exhibited higher content of zeaxanthin and violaxanthin
deepoxidase activity, after exposure to 300 umol m~ s™! for 45 min, in comparison to the older
plants (Fig. 3). Under these light intensity, juvenile Arabidopsis plants exhibited strong
indicatives of photoinhibition, while mature plants did not display photoinhibition as evidenced
by previous qPd measures (Carvalho et al., 2015). Moreover, the total content of xanthophyll
cycle carotenoids in mature plants was much higher than that exhibited by juvenile and
senescent plants. Taken together these results clearly indicate that under light intensity as high
as 300 pmol m? s!, juvenile Arabidopsis plants activated the defence mechanisms related to
NPQ formation to its maximum. Since when mature several plant species present a trend to
reach maximum CO> assimilation rate (Sestak and Catsky, 1962; Catsky and Ticha, 1979) as
well as ETRII and FvFm (Siffel et al., 1993; Carvalho et al., 2015) it is possible that Arabidopsis
plants at mature stage of development presented higher energetic demand, avoid excess energy
and trigger defence mechanisms.

In this present study, mature plants exhibited the lowest B-carotenoid contents among

the plants (Fig. 3). B-carotenoids are related to several different roles on plant chloroplasts,
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since acting in energy harvesting, especially at blue light range (Harvaux and Kloppstech, 2001;
Ramel et al., 2012), to its roles as antioxidant molecule (Davison et al., 2002; Ramel et al.,
2012). Arabidopsis plants at juvenile and senescent phases of ontogenesis present higher
indicatives of oxidative stress, as evidenced by increase in H>O> accumulation and lipid
peroxidation (Carvalho et al., 2015). Moreover, the anthocyanin content in Arabidopsis
followed the same age-dependent pattern associated to oxidative stress symptoms (Carvalho et
al., 2015). Thus is reasonable to propose that the higher B-carotenoid contents exhibited by
Arabidopsis plants at juvenile and senescent phases, in comparison to mature phase, are
associated to the roles of this pigment in antioxidative protection.

In mature plants, the PSII-LHCII super-complex relative amount and, especially,
reaction centers core of photosystem II (RCII core) relative amount were much higher than that
exhibited by juvenile and senescent plants (Fig. 5, Table 1). These data reinforce that mature
phased plants encompass a significantly bigger apparatus to capture and process energy in
thylakoids, which should be associated with chloroplast maturation (Avery and Avery Jr, 1933;
Kutik et al., 1999) as well as whole plant increase of energetic demand (Catsky and Tich4,
1979). In contrast, the PSII/PSI ratios in senescent aged were higher than in mature and juvenile
plants. This difference was consistent with the PSII/PSI activity, measured by 77 °K
fluorescence (Fig. 5, Table 2). Higher PSII/PSI rates could suggest a preliminary evidence for
areduced capability of cyclic electron flux (CEF) generation/functioning (Yamori et al., 2011).
CEF is an important photoprotection mechanism in plants subjected to unbalance between light
energy capture and energetic demand, as occur during high light stress (Takahashi et al., 2009).
CEF is especially related to the maintenance of ApH formation between lumen and stroma under
excess energy conditions (Takahashi et al., 2009), which in turn is an essential requirement for
NPQ formation (Demmig-Adams and Adams, 1992; Ruban et al., 1992). Thus in combination
with reduced RCII core relative amount, reduced CEF could explain, at least in part, the lower

light tolerance of senescent plants in comparison to the reported for mature phase.
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Taken together, our data evidenced that both juvenile and senescent plants were
restricted in important mechanisms related to NPQ formation. Thus, it is reasonable to suggest
that previous quantified differences in pNPQ formation are possibly dependent on the balance
between PsbS content, ApH accumulation and violaxanthin/zeaxanthin de-epoxidase activity
and other parallel photoprotective mechanisms, such as CEF and antioxidant apparatus.
Nevertheless, the mature plants exhibited the most advantageous combination of NPQ
underlying mechanisms. This feature exhibited by these plants was probably important to the
most efficient pNPQ formation and subsequently higher light intensity tolerance, previously

observed.
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Figure 1. Visual aspect of Arabidopsis thaliana at juvenile, mature and senescent phases. The
juvenile phase was represented by plants aged 2 weeks old. The mature phase was represented
by plants aged 8 weeks old. The senescent phase was represented by plants aged 12 weeks old.

Figures are the most representative of 10 independent plants.
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Figure 2. (a) Western blotting of PsbS protein from leaves of Arabidopsis thaliana plants at
juvenile, mature and senescent phases of ontogenesis. 1.2 pg of total chlorophyll was loaded in
each lane from total leaf protein extracts, which was obtained from 5 independent leaves each.
(b) Quantification of PsbS protein amount obtained from optical density (OD) evaluation using
the software Image Master 2.0 (Amersham Biosciences). Error bars represent SEM (n=5)

Different letters represent significant difference by student t test, p<0.05.
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Figure 3. ApH gradient formation measured in isolated chloroplasts from leaves of Arabidopsis thaliana
plants at juvenile, mature and senescent phases of ontogenesis. 18 pg of total chlorophyll was loaded
for each measure, which was obtained from 3 independent plants at each phase. For each test 2 uL of
DAD (0.15 M), 3 pL of methyl viologen (0.1 M) and 15 pL of 9aa (1 mM) were used. The actinic light

equals to 2,000 umol m? s!.
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Figure 4. Carotenoids profile quantified by HPLC in extracts from leaves of Arabidopsis
thaliana plants at juvenile, mature and senescent phases of ontogenesis. (a) Contents of
neoxanthin (neo), violaxanthin (viol), anteroxanthin (ant), lutein (lut), zeaxanthin (zea) and 3-
carotene (P-car). The values are expressed in mmol per mol of total chlorophyll. (b) The de-
epoxidation state (%) and the xanthophylls cycle pool (mmol). The leaves were previously
illuminated — 380 umol m2 s™!, for 45 min, in the presence of saturating N». Error bars represent

SEM (n=3) Different letters represent significant difference by student t test, p<0.05.
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Figure 5. Photosynthetic super-complexes ratios measured in stacked thylakoids enriched
fraction, obtained from leaves of Arabidopsis thaliana plants at juvenile, mature and senescent
phases of ontogenesis. a-DM was added to each sample to increase the solubilization in a

proportion of 1% (v:v) per mg of total chlorophyll per mL. I — Thylakoid membrane fragments,

II — PSII-LHCII super-complexes, III — PSI, IV — PSII core complexes, V — LHCII trimers.
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Figure 6. 77 °K and fluorescence emission spectra measured on thylakoids extracts from
Arabidopsis thaliana plants at juvenile, mature and senescent phases of ontogenesis. The
thylakoid membranes isolated were subsequently injected into the sample holder and shock-
frozen in liquid N>. Fluorescence spectral resolution was set as 1 nm, with 5 nm of spectral

bandwidth and excitation defined as 435 nm.
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Table 1. Peaks obtained by FPLC separation spectra at 670 nm from plants at juvenile, mature

and senescent phases of ontogenesis.

Gaussian peak area

Peak Complex Juvenle Mature Senescent

1 PSII-LHCII supercomplexes  1.65 1.82 1.56

2 PSI 1.78 2.10 0.52

3 PSII Core 0.41 1.30 0.39

4 LHCII trimers 1.62 1.67 0.44

5 Monomeric LHCII 0.38 0.35 0.08

Ratio
PSII/PSI 0.23 0.62 0.75
Trmmers/PSII 3.96 1.28 1.12
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Table 2. Comparison between PSII and PSI 77 °K fluorescence emission peaks measured on

thylakoids extracts from juvenile, mature and senescent Arabidopsis thaliana plants.

Plant PS1I PSI PSII/PSI fluorescence
Age fluorescence  fluorescence ratio
Juvenile 841461.1 2267110 0.37
Mature 538136.6 1612270 0.33
Senescent 270450.8 574035.9 0.47
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Data displayed in chapter II of the current study have evidenced the successfully use
of fluorimetric-based methodology for qPd determination in the model plant A. thaliana,
during ontogenesis and the importance of chlorophylls and antioxidative metabolism for
photoprotection. Moreover, chapter 11 suggests mechanisms underlying pNPQ formation
differences during ontogenesis are complex and dependent of a specific combination in ApH
levels, violaxanthin/zeaxanthin ratios and PsbS protein amounts. Moreover, the total
xanthophyll pool was higher in mature Arabidopsis plants, coinciding with maximum light
tolerance during ontogenesis. These evidences reinforce the importance of photosynthetic
pigments for pNPQ formation efficiency and photoprotection. In order to test qPd-based
methodology in crop models, experiments involving Oryza sativa plants were designed. In
addition, aiming to investigate the importance of ROS in pNPQ formation and light
tolerance, rice plants silenced by RNAi for thylakoidal APX (apx8) were obtained.
Chloroplast APX are responsible for 20% of total APX activity in plant cells, and among
them, thylakoidal isoforms are believed to display great importance in Arabidopsis.
However, several studies involving deficient mutants have reported intriguing and
contradictory results regarding importance of these enzymes, such as no differences in
Fv/Fm and absence of phenotype. In the next chapter are described the main results obtained

involving the photoinhibition onset in apx§ plants exposed to different light regimes.
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Abstract — Chloroplastic ascorbate peroxidases are the first described APX in literature and
responsible for 20% of total APX activity in plant cells. Surprisingly, plants deficient in
thylakoidal APX (tAPX) did not exhibit phenotypic changes under moderate light and unaltered
tolerance to high light. Employing tAPX knockdown rice (apx8) as model and the new
fluorimetric methodologies for photoinhibition quantification based on dark-measured
photochemical quenching (qPd), the current work aimed to unveil the concrete physiological
importance of tAPX for plant defence responses under excessive light conditions. Under
moderate light, apx8 plants exhibit slightly stunted growth and impaired seed production in
comparison to non-transformed plants (NT). Our data clearly shows that apx8 plants present
higher susceptibility to light stress in comparison to NT. Moreover, the reduced light tolerance
of apx§ plants is explained, at least in part, by an impairment in NPQ formation capability.
Nevertheless, ApH formation and violaxanthin deepoxidase activity possibly were less involved
in this NPQ restriction, since apx8§ was similarly susceptible to DTT or Nigericin infiltration in
comparison to NT. Increased H>O> levels and decreased chlorophyll content are probably
important features related with NPQ deficiency in apx§ plants. Interestingly, under long-term
excessive light conditions, compensatory peroxidase mechanisms are triggered in apx§ plants,
NPQ formation capability is recovered and silenced plants are able to acclimate to such
conditions as well as NT. Therefore, these evidences suggest a conditional importance of tAPX
in rice plants, restricted to moderate light conditions, related to H>O», total chlorophyll and NPQ

levels.

Keywords: Chloroplastic APX, High light, NPQ, Oryza sativa, Photoinhibition.
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Introduction

Ascorbate peroxidase (APX, EC. 1.11.1.11) is a very important enzyme to maintenance
of hydrogen peroxide (H20O>) levels in plant cells (Nakano and Asada, 1981). Indeed, APX in
higher plants are encoded by small multigene family and different isoforms are classified
according to their subcellular localization (Teixeira et al., 2004; Teixeira et al., 2006). In rice
(Oryza sativa L.), eight different APX isoforms have been characterized to date: OsAPXI and
OsAPX2 (cytosol), OsAPX3 and OsAPX4 (peroxisome), OsAPX5 (mitochondria/chloroplast),
OsAPX6 (mitochondria), OsAPX7 (stroma) and Os4PX8 (thylakoid membranes) - (Teixeira et
al., 2004; Teixeira et al., 2006). In parallel to catalase (CAT, 1.11.1.6), APX have been for a
long time considered among the main enzymes related to H,O» scavenging, but differently from
CAT, APX presents high affinity for H,O, (Yamaguchi et al., 1995). Therefore, APX is
believed to act in H,O; fining tuning and, since this molecule is believed to be an important
abiotic stress-signalling (Sewelam et al., 2014), the possible importance of APX working on an
antioxidative hub in plant cells have been intensely discussed in the last years (Bonifacio et al.,
2011; Shigeoka and Maruta, 2014; Maruta et al., 2016).

Among APX isoenzymes, the cytosolic isoforms are considered to be very important
(Amako et al., 1994) and, therefore, most of studies have been focused on the importance of
these isoforms for plant antioxidative defence (Pnueli et al., 2003; Davletova et al., 2005;
Koussevitzky et al., 2008; Maruta et al., 2012). These studies are mainly limited to Arabidopsis
thaliana L. and Nicotiana tabacum L. as plant models. Chloroplastic APX have been first
described in literature (Nakano and Asada, 1981), and some studies have focused on the roles
of these enzymes for antioxidative protection in plant cells so far (Neubauer and Yamamoto,
1992; Neubauer and Yamamoto, 1994; Mano et al., 2001; Giacomelli et al., 2007; Bechtold et
al., 2008; Maruta et al., 2010; Caverzan et al., 2014). Indeed, chloroplastic APX are believed

to be responsible for 20% of total APX activity in plant cells (Amako et al., 1994).
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In leaves of higher plants, chloroplasts are a very important site of H>O> generation
(Foyer and Noctor, 2003). The production of oxygen reactive species (ROS) such as superoxide
radical (O;") is a natural consequence of energy flow in thylakoid membranes (Ogawa et al.,
1997). Actually, both PSI and PSII could act as O,*" formation site in chloroplasts (Ogawa et
al., 1997; Zulfugarov et al., 2014). Regardless O," generation site, this molecule is rapidly
scavenged by superoxide dismutase (SOD, EC 1.15.1.1) and converted to H>O> (Pilon et al.,
2011). Under abiotic stress, an unbalance between the amount of light captured by light harvest
complex antennas (LHC) and the energy demanded by metabolic reactions (especially CO-
assimilation) is a very common condition observed in plants. This condition is commonly
associated to the over-accumulation of H>O; and other ROS in leaf tissues, occasionally
generating photoinhibition and even plant death (Goh et al., 2012).

Chloroplast APX are essential enzymes to avoid H>O> over-accumulation, which is
related to the impairment of D1 protein de novo synthesis, since this molecule affects the
elongation factor G, leading to photoinhibition (Murata et al., 2012). Moreover, acting in water-
water cycle, chloroplast APX are believed to be able to sustain linear electron flow in thylakoids
membranes, inducing apH formation and, therefore, non-photochemical quenching (NPQ) -
(Neubauer and Yamamoto, 1992). The major and fastest component of NPQ, qE, is believed to
act in PSII reaction centre (RCII) photoprotection, and is related to the dissipation of excess
energy as heat (Ruban, 2016). The site of qE formation is probably related to PSII antennas
(Chmeliov et al., 2015; Ruban, 2016), triggered by apH and enhanced by violaxanthin de-
epoxidation to zeaxanthin (Demmig-Adams and Adams, 1992; Ruban et al., 1992). In addition,
PsbS protein is believed to play a crucial role in sensing lumen acidification and transducing
the signal to the PSII antennas (Funk et al., 1995; Li et al., 2000; Niyogi et al., 2005).

Despite the possible involvement of chloroplastic APX in these important
photoprotective mechanisms, studies regarding 4. thaliana transformed plants deficient in

stromal and thylakoidal APX isoforms have reported a minor importance of these enzymes in
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plant stress protection (Giacomelli et al., 2007; Kangasjarvi et al., 2008; Maruta et al., 2010).
These studies revealed that both thylakoidal APX (fapx) and stromal APX (sapx) deficient
plants do not display any visible phenotypic alterations under non-stressful growth conditions.
Nevertheless, under photooxidative stress, fapx mutants exhibited marked effect on the
accumulation of H,O; and oxidized protein, rather than the sapx plants (Maruta et al., 2010).

The higher susceptibility of fapx plants to photooxidative stress in comparison to NT is
apparently limited to the first hours of light stress imposition (Maruta et al., 2010), it is
dependent on levels of ascorbate — ASC (Giacomelli et al., 2007) and it is possibly compensated
under long term stress by 2-cys-peroxiredoxins (Kangasjarvi et al., 2008). Interestingly,
chlAPX double knockdown rice (apx7/8) does not display any phenotypic changes under
normal growth conditions and is also capable to cope with high light stress as well as NT plants
(Caverzan et al., 2014). Indeed, apx7/8 exhibited higher impairment in Fv/Fm than NT plants
only when exposed to methylviologen — MV (Caverzan et al., 2014). Whether thylakoidal APX
is important for light tolerance or not and which biochemical mechanisms could be involved
with this enzyme protective role during excessive light stress are issues that remain to be
clarified.

In the current study, we evidenced that tAPX knockdown rice plants (apx8) exhibit
slightly stunted growth and impaired seed production in comparison to NT. In order to reveal
the events underlying this phenotype, we employed a new methodology of photoinhibition
tracking by qPd determination (Ruban and Murchie, 2012). Our data clearly shows that apx8
plants present higher susceptibility to light stress in comparison to NT. Moreover, the reduced
light tolerance of apx§ plants is explained, at least in part, by an impairment in NPQ formation.
Surprisingly, transformed plants did not exhibit changes in ETRII in response to light curve and
displayed similar susceptibility to NPQ inhibition by nigericin. In addition, apx8 plants did not
showed changes in total ascorbate levels, ASC redox state, and suffered similar NPQ inhibition

induced by DTT. Therefore, ApH and violaxanthin deepoxidase activity are probably less
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involved in NPQ restriction observed in these mutants. In contrast, increased H,O> levels and
decreased chlorophyll content are probably important features related with NPQ deficiency in
apx8 plants. The physiological importance of thylakoidal APX proteins for light tolerance in

rice plants is discussed.

Material and methods

Construction of plant vectors and plant transformation

In order to generate apx§ silenced rice plants, a 227 bp sequence was amplified by PCR
based on the sequence of the Os4PXS8 gene (LOC 0s02g34810). The primers used were 5’-
CTCGAGGCTGCGAAATACTCCTACGG-3° and 5’-
GGTACCTCGAGAGGAGGTCATCAGACCATCG-3’. The PCR product was cloned into the
pANDA vector (Miki and Shimamoto, 2004), which enables hairpin structure formation and
post-transcriptional silencing of the Os4PX8 gene. The pANDA vector contains the maize
ubiquitin promoter and the Hpt gene for selection by hygromycin. The transformation of rice
calli was achieved via Agrobacterium tumefaciens, as described previously (Upadhyaya et al.,
2000). Regenerated seedlings were grown at 28 °C in MS medium with a photoperiod of 12 h
and 150 pmol m™ s™! of photosynthetic photon flux density (PPFD) in a growth chamber for

seven days. Five lines of apx8-transformed plants were selected to phenotypic characterization.

Plant growth

Among transformed plant lines apx8 L7 presented greater impairment in biomass
accumulation and seed productivity (Fig. S1). Thus, based on these phenotypic features, the

apx8 L7 line was selected for further experiments. Silenced apx8 and the NT plants (T2
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generation) were transferred to 2 L plastic pots filled with half-strength Hoagland’s solution.
The pH was adjusted to 6.0 £ 0.5 every two days, and the nutrient solution was changed weekly.
The seedlings were previously grown for 30 days in a greenhouse with the following conditions:
day/night mean temperature of 29/24 °C, mean relative humidity of 68%, and a photoperiod of
12 h. The light intensity inside the greenhouse varied as for a typical day from 6:00 a.m. to 6:00
p.m., reaching an average maximum PPFD of 820 pmol m™ s’ at noon. Subsequently, plants
were transferred to a growth chamber at 5-10 days before the beginning of the experiments.
The growth chamber was set with the following conditions: day/night mean temperature of

29/24 °C, mean relative humidity of 70%, a photoperiod of 12 h and PPFD of 400 pmol m™ s’

1

High light stress experiments

Silenced apx8 and the NT plants (T2 generation) ageing 35-45 days (acclimated to
growth chamber conditions) were exposed to different light regimes. The control group
remained under PPFD of 400 pmol m? s’ as described above. High light stress group (HL),
was exposed to PPFD of 1800 pmol m? s' by four days. During this experiment, the
photoperiod was kept on 12 h day/night. Alternatively, a second experiment was conducted
employing continuous light. For such experiments, a group of plants (NT and apx8) remained
at PPFD of 400 pmol m™ s™! continuously for 24 hours. Other group of plants was subjected to
PPFD of 2000 pmol m™ s continuously for 24 hours. At the end of each experiment,
chlorophyll @ fluorescence and infrared gas analyses were performed as described below. In

addition, leaf samples were collected, rapidly frozen with liquid N> for biochemical assays.

Leaf segments vacuum-infiltration experiments
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Silenced apx8 and the NT plants (T2 generation) ageing 35-45 days (acclimated to
growth chamber conditions) were exposed to PPFD of 400 pmol m™ s as described above.
Subsequently, leaf segments with 5 cm length were collected from ~30 min dark-acclimated
rice plants. The leaf segments were vacuum-infiltrated with mock, DTT or Nigericin solutions
using a syringe. The mock solution consisted of 10 mM HEPES at pH 6.5, containing 1.5 mM
CaClz and 0.01% Triton X-100 (v/v). DTT solution consisted of mock solution added by 5 mM
dithiothreitol (DTT). Nigericin solution consisted of mock solution added by 4 uM nigericin
(Nig). After infiltration, leaf segments were kept in a petri dish containing the respective
treatment solution (mock, DTT or Nig) for 5 min in the dark. Subsequently, chlorophyll a

fluorescence measures were performed as described below.

Chlorophyll a fluorescence measurement

The chlorophyll a fluorescence measurements were performed as described previously
(Ruban and Murchie, 2012; Carvalho et al., 2015). NT and apx8 plants aged between 35-45
days were dark-adapted for 45 min. The measures were obtained with a DUAL-PAM 100
fluorimeter (Walz, Effeltrich, Germany), using a procedure of ~42 min. Approximately 30
different plants were subjected to three different sets of qPd determination procedures of one
of the following actinic light regimes: 0, 100, 200, 400, 800, 1200, 1500, 2000 pmol m™ s™'; 0,
150, 300, 600, 700, 1000, 1300, 1800 umol m? s’'; or 0, 77, 250, 500, 750, 900, 1150, 1650
pumol m? s, Each procedure was performed 8 times for qPd measurements. The procedures
started with the following scheme: (ML on/FR on)—(30 s)—(SP)—(30 s)—(SP)—(5 s), where ML
= measuring light, FR = far red light; SP = saturating pulse (6,000 pmol m™ s’ for 0.6 sec).
PSII maximum quantum efficiency (Fv/Fm, where Fv = Fm-Fo) was determined with the first
SP. Subsequently, for light measurements, the following scheme was employed: (AL on/FR

off) (120 s)—~(SP)—~(180 s)—(SP)—(AL off), where AL = actinic light. The NPQ [NPQ =
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(Fm/Fm'") -1] and ETR [ETR = actual quantum yield x PPFD x 0.84 x 0.5] values were
calculated from the second SP. qPd was measured suddenly after actinic light was turned off.
For qPd measurements, the following scheme was employed: (FR on)—(10 s)—(SP)—(5 s)-(AL
on/FR off). The procedures were repeated with increasing AL intensities (Ruban and Murchie,

2012; Ruban and Belgio, 2014; Ware et al., 2014; Carvalho et al., 2015).

Gas exchange assays

The CO, assimilation rate (Py), stomatal conductance (gs), intercellular CO; partial
pressure (Ci) and transpiration (£) were measured in fully expanded leaves from both non-
transformed and apx8 knockdown rice plants with a portable infrared gas analyser system
equipped with an LED source and a leaf chamber (IRGA LI-6400XT, LI-COR, Lincoln, USA).
The internal parameters in the IRGA chamber during gas exchange measurements were 1000
pumol m?2 s! PPFD, 1.0 + 0.2 kPa VPD and 38 Pa CO», at 28 °C. The amount of blue light was
set to 10% of the PPFD to maximize the stomatal aperture (Flexas et al., 2008). The Px was
measured in response to changes in Ci. Each of these conditions was separately controlled
inside the IRGA leaf chamber. The Pn-Ci fitting curves were determined according to models

proposed previously in literature (Sharkey et al., 2007).

Total chlorophyll determination

The determination of total chlorophyll content and chlorophyll a/b ratios were
performed according to Porra et al. (1989). 50-150 mg of fresh leaf material (3-12 cm™) from
NT and apx8 plants was first homogenized in 80% ice-cold acetone. The homogenate was
centrifuged at 14,000 x g for 5 min. The supernatant obtained was used for spectrophotometric

quantification of chlorophyll @ and b. The absorbance was measured in two wavelengths, 663
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and 646 nm (Porra et al., 1989). The chlorophyll content was expressed as pg chlorophyll cm

2

Ascorbate assays

Reduced ascorbate (ASC) and total ascorbate [ASC + oxidized ascorbate (DHA)] were
assayed according to previously described (Kampfenkel et al., 1995). The assay of reduced
ascorbate is based on the reduction of Fe** to Fe?" by ASC and total ascorbate was measured
after complete reduction of total ascorbate with 10 mM dithiothreitol (DTT). The excess DTT
was removed by use of 0.5% (m/v) N-ethylmaleimide (NEM). The absorbance of Fe**
complexed with 2,2'-bipirydyl was measured at 525 nm in a spectrophotometer. The DHA
content was obtained by subtracting the reduced fraction from the total content. The ascorbate
redox state was calculated as [(ASC)/(ASC + DHA)] x 100] and expressed as percentage.

Ascorbate content was expressed as pumol ASC(DHA) g! fresh matter (FM).

Hydrogen peroxide (H203) content

Hydrogen peroxide content was measured using the Amplex®-red kit (Thermo Fisher
Scientific®, USA), based on colorimetric measure of resorufin formation in presence of H>O:
(Zhou et al., 1997). Fresh leaf samples were macerated with liquid N> in presence of 100 mM
K-phosphate buffer pH 7.5 and centrifuged at 12,000 x g (4 °C) during 30 min. The supernatant
was immediately used for H>O> determination. The absorbance at 560 nm was quantified for
H>0; measurement. The hydrogen peroxide content was calculated from a standard curve, and

the results were expressed as nmol H2O g! fresh mater (FM).

Protein extraction and APX activity assays
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Fresh leaf samples were ground to a fine powder in the presence of liquid N> using a mortar
and pestle and extracted on ice-cold (4 °C) and 100 mM K-phosphate buffer (pH 7.0) containing
0.1 mM EDTA and 2 mM ascorbic acid (to prevent APX denaturation). The homogenate was
centrifuged at 15,000x g for 30 min, and the obtained supernatant was used for determination
of enzymatic activities. All steps were performed under low temperature (2-4 °C). The protein
content was measured by Bradford’s method (Bradford, 1976), utilizing BSA as a standard.
APX activity was assayed in a reaction mixture containing 0.5 mM ascorbate and 0.1 mM
EDTA dissolved in 100 mM K-phosphate buffer (pH 7.0) and enzyme extract. The reaction
started by adding 3 mM H>O». Enzyme activity was measured by following the decrease in
absorbance at 290 nm (25 °C) over 180 s (Nakano and Asada, 1981). APX activity was
calculated from the ASC molar extinction coefficient (2.8 mM™ cm™) and activity was
expressed as pumol ASC mg™! protein min™!. The APX activity was also assayed in presence of

30 uM pCMB, in order to correct the interference of class III peroxidases in APX activity.

Results

Thylakoidal APX knockdown generates impairment in shoot biomass and seed productivity in

rice

In order to assess the importance of thylakoidal APX in rice photoprotective
mechanisms, RNA1 silenced plants were obtained. In total, five different plant lines were
generated and evaluated regarding its phenotypical features (Supplementary material Fig. S1).
Despite none of the transformed plants exhibited significant differences in shoot length in
comparison to NT (Tukey test; p<0.05), rice lines L2, L7 and L11 exhibited reduced shoot

biomass accumulation in about 20% (Tukey test; p<0.05), also compared to NT plants
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(Supplementary material Fig. SIA-B). In addition, seed productivity and 100 seeds biomass
was reduced by 30% (Tukey test; p<0.05) only in rice lines L6 and L7, in comparison to NT
(Supplementary material Fig. S1C-D). Therefore, since line L7 exhibited the most remarkable
phenotypic effects, this line was selected for further experiments. This silenced rice line will be
identified as apx8 throughout the text. Figure 1 displays the morphological aspect of NT and
rice apx8 plants at approximately 45 days old. This figure corroborates the reduced biomass

accumulation in silenced plants as compared to NT.

Silenced rice plants apx8 exhibited reduced light tolerance associated to impairment in NPQ

formation

In order to investigate the photoprotective mechanisms that could be associated with
thylakoidal APX in rice, chlorophyll a fluorescence parameters were evaluated in both NT and
apx8 plants grown under moderate light regime (400 pmol m™ s™!, 12h photoperiod). Silenced
rice exhibited similar levels of Fv/Fm (Tukey test; p<0.05) in comparison to NT plants,
indicating that the maximum capacity of PSII reaction centers was not affected by thylakoidal
APX reduced expression (Supplementary material Fig. S2). Since the dark condition to measure
Fv/Fm parameters represents a disadvantageous rupture in light treatments, a new methodology
to assess plant photoinhibition based on qPd parameter was employed (Ruban and Murchie,
2012). Silenced rice plants exhibited lower onset of photoinhibition (qPd<0.98) in comparison
to NT plants (Fig. 2; Tukey test; p<0.05). Moreover, the minor qPd values reached in apx§
plants were approximately 10% lower than the values exhibited by NT (Fig. 2; Tukey test;
p<0.05). Accordingly, figure 3 shows that apx8 plants presented predominance of
photoinhibited leaves (represented by greyscale fulfilled circles) at much lower light intensities

as regarding NT (Fig. 3).
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As evidenced previously, qPd based photoinhibition quantification is dependent on

pNPQ formation levels (Ware et al., 2014; Carvalho et al., 2015; Giovagnetti and Ruban, 2015).
Consequently, the relationship between light intensity and most efficient pNPQ in rice plants
evidenced that NT plants exhibited a more efficient capability of pNPQ formation, demanding
lower NPQ values to confer similar level of protection during increasing of light intensity, in
comparison to apx8 (Fig. 4A). These evidences suggest that NPQ formation process is
somehow affected in thylakoidal APX deficient plants. Indeed, NPQ induction curves
performed employing 400 and 1150 pmol m™! s™! of actinic light corroborated the existence of
a delay in apx8 NPQ formation, in comparison to NT plants (Fig. 4B). Especially employing

400 pmol m! s

of actinic light, apx8 plants presented about 1 min of delay in fast NPQ
induction, which is greatly associated with qE component (Fig. 4B). In addition, the dark
relaxation of apx8 rice plants after 400 pmol m™' s7! of actinic light is much less efficient than
that exhibited by NT plants (Fig. 4B). Finally, experiments regarding the infiltration of NT leaf
segments with 30 uM p-Chloromercuribenzoic acid (pCMB) corroborates that pharmacological
reduction in APX activity could generate impairment in NPQ formation similar to 4 uM

nigericin at moderate light and without any side effects on Fv/Fm (Supplementary material Fig.

S3; Tukey test; p<0.05).

NPQ impairment in apx8 knockdown plants are probably not related to spH or violaxanthin

deepoxidase activity

The Figure 5 suggests that apx8 plants present no significant difference in the PSII
electron transport rates in response to light intensity increases, as compared to NT plants (Fig.
5; Z-test; p<0.05). This data suggests that probably the deficiency in thylakoidal APX and,
therefore, pseudo-cyclic electron transport is not capable to explain NPQ formation impairment.

In addition, leaf segments infiltration experiments employing 5 mM DTT (violaxanthin
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deepoxidase inhibitor) and 4 uM nigericin (apH formation inhibitor), evidenced that NPQ is
similarly impaired in both NT and apx§ plants in response to each respective pharmacological
inhibitor (Fig. 6; Tukey test; p<0.05). Finally, no significant differences in state-transition
parameters associated to NPQ (qT and qS) were observed between NT and apx§ rice plants

(Supplementary material Table S1; Tukey test; p<0.05).

Light dependent changes in NPQ dynamics are associated to modulation of H>0: and

chlorophyll content

In order to evaluate metabolic processes closely related to NPQ and oxidative stress that
could have been affected by thylakoidal APX knockdown in rice, the ascorbate, H>O> and total
chlorophyll contents were assessed under both moderate and high light conditions, in the current
study. Total ascorbate content, as well as ASC redox state did not present significant differences
between NT and apx§ plants under both light regimes studied (Fig. 7A; Tukey test; p<0.05). In
contrast, apx8 plants exhibited approximately 20% higher H>O> content in comparison to NT
plants under moderate light conditions (Fig. 7B; Tukey test; p<0.05). When these plants were
exposed to high light for 4 days, NT plants exhibited a slight increase in H>O» content (~10%),
and apx8 plants exhibited 19% decrease in this molecule levels (Fig. 7B; Tukey test; p<0.05).
In parallel, under moderate light conditions, apx8 plants displayed about 40% less chlorophyll
content in comparison to NT plants (Fig. 7C; Tukey test; p<0.05). Nevertheless, under high
light conditions, NT and apx8 plants exhibited an induction of 130% and 260% in the
chlorophyll levels, respectively, compared to moderate light conditions (Fig. 7C; Tukey test;
p=<0.05). Therefore, under high light conditions, no significant differences between NT and
apx8 plants, in terms of chlorophyll content, was evident (Fig. 7C; Tukey test; p<0.05).

In order to test the hypothesis that these changes in HoO> and CHL content could be

related to difference in NPQ formation between NT and apx8, new assays on NPQ induction
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kinetics were performed. Employing the same actinic light (1000 pmol m? s), apx8 plants
exhibited a delay in NPQ induction compared to NT, only when plants were acclimated to
moderate light conditions (Fig. 7D; Tukey test; p<0.05). When the plants were exposed to high
light conditions, the differences in NPQ formation between the studied rice lines are less evident
(Fig. 7E; Tukey test; p<0.05). In addition, despite APX activity did not display significant
differences between NT and apx8 plants under moderate light, its activity was greatly induced
(55%) in apx8 plants under high light conditions (Fig. 8; Tukey test; p<0.05). Higher APX
activity in apx8 plants under high light could have been responsible by the reduced H,O» levels

observed in these plants, in relation to NT.

Continuous moderate light is more harmful to apx8 rice plants than continuous high light

In order to evaluate the consequences of extended photoperiod in thylakoidal APX
knockdown rice plants, NT and apx8 plants were exposed to 24 hours of moderate light (400
pmol m? s!) and high light (2000 pmol m s™). In the previous high light experiment (keeping
12 h photoperiod), apx8 exhibited just slight reductions in terms of CO assimilation (Px-Ci
curves), under both moderate and high light conditions (Supplementary material Fig. S4; Tukey
test; p<0.05). In contrast, after 24 hours of moderate light, apx8 rice plants exhibited
approximately 25% less CO; assimilation rates than NT plants (Fig. 9A; Tukey test; p<0.05).
Under continuous high light, no significant differences in Pn occurred between NT and apx8
plants (Fig. 9A; Tukey test; p<0.05). In parallel, these rice lines did not display significant
differences in terms of stomatal conductance, Ci and transpiration under both continuous light
regimes studied (Fig. 9B-D; Tukey test; p<0.05). Interestingly, nonsignificant differences in
CO; assimilation between NT and apx8 plants were observed until 12 hours of continuous
moderate light (Supplementary material Fig. S3; Tukey test; p<0.05). Nevertheless, in the

presence of 125 uM methyl viologen, apx§ exhibited a greater impairment in CO; assimilation
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than NT plants after 12 hours of light treatment (Supplementary material Fig. S5; Tukey test;
p=<0.05), which is an additional indicative that photosynthesis limitations observed in apx§
plants is related to oxidative unbalance.

Figure 10A displays hydrogen peroxide content in NT and apx8 rice plants exposed to
continuous moderate and high light. Under continuous moderate light, apx§ plants display a
slight decrease in H2O> (Tukey test; p<0.05). Under continuous high light, plant lines did not
display significant differences (Tukey test; p<0.05). Interestingly, under moderate continuous
light apx8 exhibited higher NPQ formation in comparison to NT plants, but, similarly to H>O>
content, no significant differences were observed among plant lines under continuous high light
(Fig. 10B, Tukey test; p<0.05). In parallel, apx8 plants exhibited lower ascorbate reduced state
in comparison to NT plants under continuous moderate light. In opposition and similarly to the
pattern observed for H,O, and NPQ, the two rice lines did not display significant ascorbate

reduced-state differences in response to continuous high light. (Fig. 10B; Tukey test; p<0.05).

Discussion

In the current study, apx8 plants exhibited higher H>O; levels in comparison to NT
plants, under ML. Chloroplast ascorbate peroxidases are responsible for 1/5 of total APX
activity in plant cells (Amako et al., 1994). In addition, H>O> production rate in chloroplasts of
mesophyll cells during photosynthesis is estimated in 4 pmol m s (Foyer and Noctor, 2003).
Over-accumulation of H>O» in chloroplasts is thought to generate a specific inactivation at the
elongation factor G by intramolecular disulphide bond (Nishiyama et al., 2011). The
inactivation of this protein affects the de novo protein synthesis, consequently leading to delay
in DI protein synthesis, affecting the PSII reaction centers (RCII) repair mechanism and

generating photoinhibition (Nishiyama et al., 2011). However, as evidenced by our data the
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levels of this ROS probably were not high enough to generate disturbances in the RC repair
mechanisms, since both rice lines exhibited similar Fv/Fm under moderate light conditions.

A. thaliana plants knockout (KO) for thylakoidal APX (tapx), similarly to rice, did not
exhibited contrasting Fv/Fm in comparison to wild type under moderate light growth conditions
(Giacomelli et al., 2007; Kangasjarvi et al., 2008; Maruta et al., 2010). In addition, Arabidopsis
tapx plants do not exhibit phenotypic differences in comparison to wild type, under moderate
light conditions (Giacomelli et al., 2007; Kangasjarvi et al., 2008; Maruta et al., 2010).
Interestingly, the phenotypic effects of tAPX silencing in rice plants is very distinct from the
reported for KO-Arabidopsis. Our data evidenced that apx8 rice plants display approximately
20% less shoot biomass and seed productivity as compared to NT. Taken together, these data
indicate that thylakoidal APX importance in plants seems to be species-dependent.

Why rice plants deficient in thylakoidal APX expression exhibit different phenotypic
traits in comparison to NT, despite apparently no side effects in maximum quantum efficiency
of PSII? Pn-Ci curves suggest that CO» assimilation is just slightly decreased in apx8, compared
to NT plants (Fig. S4). This effect certainly has contributed in some extension to the apx§ rice
phenotype. However, thylakoid APX are closely related to photosynthetic electron transport
chain (Asada, 1999; Maruta et al., 2016) and, therefore, this apparent miss-connection is very
intriguing. Could Fv/Fm approach not be suitable enough to assess the importance of
thylakoidal APX in rice plants? In order to answer this question, a new fluorescence-based
methodology for the photoinhibition onset quantification, based on the coefficient of
photochemical quenching measured in the dark following illumination (qPd), as reported
recently by Ruban and Murchie (2012), presents a great potential for comparative plant light
tolerance studies (Carvalho et al., 2015; Giovagnetti and Ruban, 2015; Ware et al., 2015).

Employing this new methodology, apx8 plants exhibited 50% of leaves already
photoinhibited under light intensities approximately 60% lower than NT plants. Moreover,

silenced rice plants reached qPd values significantly lower than NT, after a sequence of
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increased light exposure (0-2000 pmol m? s™!). Previous data have evidenced that in
Arabidopsis, qPd stability is strongly dependent on NPQ (Ware et al., 2014) and is also
associated with oxygen evolving activity (Giovagnetti and Ruban, 2015). The use of qPd-
related methodologies also allowed the quantification of exact fraction of NPQ that is related
to photoprotection, pNPQ. Accordingly, pNPQ in apx8 plants was less efficient than in NT,
which strongly suggests that apx§ plants should probably display deficiency in terms of NPQ
mechanisms.

The NPQ induction kinetics assays performed in the current study clearly corroborate
that apx8 plants exhibit a delay in NPQ formation. The idea that thylakoidal APX could be
associated with NPQ protection is not new in the literature. During 1990’s years, few works
have reported that the pharmacological inhibition of APX activity using KCN is related to
impairment in NPQ formation (Neubauer and Yamamoto, 1992). It has been proposed that the
Mehler-peroxidase reaction favours the linear electron transport in thylakoid membranes
(Neubauer and Yamamoto, 1992). This electron flux, also referred as water-water cycle (Asada,
1999), should induce apH formation and, therefore inducing NPQ (Neubauer and Yamamoto,
1992; Hormann et al., 1994; Neubauer and Yamamoto, 1994).

However, as evidenced in the current study by nigericin infiltration, apx8 plants
apparently do not present limitation in terms of ApH formation. Moreover, since NT and apx8
exhibited PSII electron transport rates very close, it is less probable that NPQ (especially qE)
differences are related to apH. In other hand, violaxanthin-deepoxidase activity is another
crucial event for qE generation, which, as APX, is also dependent on ascorbate as substrate
(Demmig-Adams et al., 1996; Ruban et al.,, 2003). Our data suggest that violaxanthin-
deepoxidase route was not affected by the thylakoidal APX knockdown in rice: 1) Ascorbate
content are similar in NT and apx8 plants under moderate light conditions and; 2) NT and apx§8
rice plants are similarly affected by DTT inhibition in terms of NPQ formation. In other hand,

PsbS proteins that possibly play a crucial role in sensing lumen acidification and transducing

Fabricio E.L. Carvalho



133
the signal to the antenna to induce qE (Funk et al., 1995; Li et al., 2000; Niyogi et al., 2005),
were not quantified in the current study.

Thus, an important question remains open: which mechanism could be responsible by
the differences exhibited by apx§ rice plants in terms of NPQ formation? In the current study,
two important parameters were significantly changed in apx8 plants: H>O, and chlorophyll
content. Recent studies have reported that higher H>O» in Arabidopsis plants under high light
acclimation is related to negative modulation of /hcb genes expression (Li et al., 2009;
Borisova-Mubarakshina et al., 2015). These genes encode for important light harvest antenna
proteins and the most recent hypothesis support that qE site is related to photosynthetic
pigments, including chlorophylls, associated to PSII antennas (Chmeliov et al., 2015; Ruban,
2016).

Chlorophyll molecules display several roles in antennae function and composition,
which have been known for a long time, contributing to both the capture and dissipation of
energy (Peter and Thornber, 1991; Bassi and Dainese, 1992; Ruban et al., 1999; Hogewoning
et al., 2012; van Amerongen and Croce, 2013). Moreover, recently it has been reported that
pNPQ parameter is well correlated with leaf chlorophyll content variations throughout
Arabidopsis ontogenesis and associated with the onset of photoinhibition (Carvalho et al.,
2015). Indeed, photoinhibition of PSII can occur as consequence of the produced singlet oxygen
as well as by weakly coupled chlorophyll molecules (Goh et al., 2012). Thus, increased H>O»
and reduced chl content in apx8 leaves might have importance for NPQ impairment in these
plants.

Interestingly, when plants were acclimated for 4 days at high light conditions, the levels
of H2O» in apx8 rice was lower than that exhibited by NT. These results were accompanied to
similar chl contents and similar NPQ induction kinetics in both plant lines. Taken together,
these finds reinforce the possible involvement of H>O> and chl levels in the lower NPQ

formation exhibited by apx8 plants. However, an interesting question, is why H>O» content was
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not accumulated in apx8 plants acclimated to high light conditions? Indeed, it is well known
that a great fraction of the H,O, produced in chloroplasts is able to cross its membranes and
reach other cellular compartments, such as cytosol. Therefore, the great importance of other
APX isoforms, especially in cytosol, acting in a compensatory response must be relevant
(Mubarakshina et al., 2010; Bonifacio et al., 2011). Accordingly, high light acclimated apx8
plants exhibited higher total APX activity than NT. Moreover, in tAPX-KO Arabidopsis plants
acclimated to high light, it has been reported that 2-cys-peroxiredoxin proteins are up-regulated
(Kangasjérvi et al., 2008). Further studies could clarify if a similar mechanism was triggered in
apx8 rice plants acclimated to high light conditions.

Despite of apx8 rice plants exhibit restricted shoot biomass and seed productivity,
accompanied by lower photoinhibition onset associated to the lower pNPQ, this silenced rice is
able to effective acclimation to high light (Giacomelli et al., 2007; Kangasjarvi et al., 2008;
Maruta et al., 2010). However, under continuous moderate light (24 h) apx8 exhibited higher
impairment in photosynthesis and ascorbate oxidation than NT. The complete interpretation of
such data is complex and demands further investigation. However, it is possible to speculate
that, as usually discussed in literature, each specific stress condition (in this case, light intensity)
is related to a specific signalling event, which in turns could activate a singular set of responses
(Karpinski et al., 2013; Suzuki et al., 2013; Gilroy et al., 2016). This issue has also been amply
discussed by our group in terms of rice plants silenced in other APX isoforms (Rosa et al., 2010;
Bonifacio et al., 2011; Ribeiro et al., 2012; Carvalho et al., 2014; Caverzan et al., 2014; Sousa
et al., 2015).

Taken together, our data clearly suggest that thylakoidal APX silencing in rice is
involved with shoot biomass and seed productivity reduction, which was associated to lower
onset of photoinhibition under increase of light intensity. These features were accompanied by
lower NPQ induction, which probably was associated to lower chlorophyll levels and higher

H»>0O: contents in the silenced rice leaves. Surprisingly, despite these deleterious features, apx8
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plants are capable to acclimate to high light conditions, probably due to recovery of APX
activity and control of H>O» levels. Nevertheless, further studies are still needed in order to

understand completely the physiological roles of thylakoidal APX in plants.
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Figure 1. Phenotypic characterization of apx§ silenced rice. Plants were cultivated under
greenhouse conditions (30+5 °C, 50+20 % humidity, maximum PPFD average of 850 pmol? s~
!"at noon and 12 hours of photoperiod) for 45 days. Figures are the most representative of 8

independent pots.
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Figure 2. Relationship between PSII yield (closed circles), qPd (open circles) and NPQ
parameters measured on intact leaves from measured in leaves from non-transformed (NT) and
thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Continuous line represents the
theoretical yield, calculated according to Carvalho et al., (2015). Upper dashed lines represent
the earliest symptom of photoinhibition, characterized by qPd values equal to 0.98. Error bars

show the S.E. (n=24). Plants were acclimated to 400 pE m? s™' and 12 h photoperiod.
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Figure 3. Relationship between NPQ, actinic light intensities and qP measured in leaves from
non-transformed (NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants
were acclimated to 400 pE m™ s™! and 12 h photoperiod. Each circle represent a specific NPQ
measure obtained at each light intensity. NPQ circles are represented in grayscale according to

the correspondent qPd values.
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Figure 4. (A) Relationship between the most efficient pNPQ value and light intensity and (B)
non-photochemical quenching measured in leaves from non-transformed (NT) and thylakoidal
ascorbate peroxidase 8 silenced (apx8) rice plants. Plants were acclimated to 400 pE m™ s™! and
12 h photoperiod. The lines represent regression fit curves (Polynomial; Linear, f = y0+a*x).
The actinic light employed in NPQ induction kinetics was 400 pmol m™ s™!. The routine
consisted of 5 min illumination (white rectangle) followed by 5 min dark exposure relaxing
(dark rectangle). NPQ values are average of 8 independent measures on different leaves (n=8).

Error bars represent standard error (S.E.).
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Figure 5. Photosystem II electron transport rate (ETRII) measured in leaves from non-
transformed (NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants
were acclimated to 400 uE m? s' and 12 h photoperiod. ETRII values are average of 8
independent measures on different leaves (n=8). Error bars represent standard error (S.E).
Continuous lines represent the exponential rise to maximum fitted curve, single-2 parameters

[y= a(1-e™)], plotted using SigmaPlot12 (Systat Software, Inc., Chicago, IL, USA).
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Figure 6. Non-photochemical quenching (NPQ) measured in leaf segments from non-
transformed (NT) and thylakoidal APX silenced (apx8) rice. Plants grown at 400 pE m-2 s-1
and 12 h photoperiod. Leaf segments were infiltrated with 4 uM nigericin (NIG) or 5 mM
dithiothreitol (DTT), inhibitors of delta pH and violaxanthin de-epoxidase activity,
respectively. The values represent average of 3 independent assays on performed different
leaves (n=3). Error bars represent standard error (S.E.). Different capital letters mean significant
differences between light regimes and different lowercase letters represent significant

differences between chemical treatments, according to Tukey’s test, p<0.05.
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Figure 7. Redox indicators, chlorophyll content and NPQ in NT and apx8 plants exposed to
high light. (A) Acorbate (ASC) and dehydroascorbate (DHA) content, (B) hydrogen peroxide
levels and (C) total chlorophyll measured in leaves from non-transformed (NT) and thylakoidal
ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400 pE m2 s and 12 h
photoperiod and then transferred to 1,800 pE m™ s™! for 4 days. (D) NPQ induction kinetics
measured in 400 umol m™ s™! acclimated plants and (E) NPQ induction kinetics measured in
1800 pmol m s acclimated plants. ASC and DHA values are expressed in pmol per gram of
fresh matter (g”! F.M.) and are average of 3 independent measures on extracts from different
leaves (n=3). (H20,) values are expressed in pmol per gram of fresh matter (g"' F.M.) and are
average of 3 independent measures on extracts from different leaves (n=3). CHL values are
expressed in ug per square centimetre (g cm2) and are average of 3 independent measures on
extracts from different leaves (n=3). Error bars represent standard error (S.E.). Different capital
letters mean significant differences between light regimes and different lowercase letters
represent significant differences between plant lines. The actinic light employed in NPQ
induction kinetics was 1000 pmol m™ s™!. The routine consisted of 5 min illumination (white
rectangle) followed by 5 min dark exposure relaxing (dark rectangle). NPQ values are average
of 8 independent measures on different leaves (n==8). Error bars represent standard error (S.E.).
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ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400 pE m? s and 12 h
photoperiod were transferred to 1,800 pE m? s™! for 4 days. APX activity is expressed in pmol
ASC per milligram of protein (mg! protein) per minute and are average of 3 independent
measures on extracts from different leaves (n=3). Error bars represent standard error (S.E.).
Different capital letters mean significant differences between light regimes and different
lowercase letters represent significant differences between plant lines, according to Tukey’s

test, p<0.05.
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Figure 9. (A) Photosynthetic CO, assimilation (Pn), (B) stomatal conductance (gs), (C)
intracellular CO; concentration (Ci) and leaf transpiration (E) measured in leaves from non-
transformed (NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants
grown at 400 pE m? s™! and 12 h photoperiod and then transferred to 2,000 pE m? s! for 24

hours, continuously. Reference plants were kept at 400 uE m? s’

, continuously. The
photosynthetic parameters were obtained from 3 independent measures on different leaves
(n=3). Error bars represent standard error (S.E.). Different capital letters mean significant

differences between light regimes and different lowercase letters represent significant

differences between plant lines, according to Tukey’s test, p<0.05.
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Figure 10. (A) Hydrogen peroxide content, (B) NPQ and (C) Ascorbate (ASC) and
dehydroascorbate (DHA) content measured in leaves from non-transformed (NT) and
thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400 uE m? s™!
and 12 h photoperiod and then transferred to 2,000 pE m? s for 24 hours, continuously.
Reference plants were kept at 400 uE m™ s™!, continuously. ASC and DHA values are expressed
in umol per gram of fresh matter (g' F.M.) and are average of 3 independent measures on
extracts from different leaves (n=3). (H202) values are expressed in umol per gram of fresh
matter (g! F.M.) and are average of 3 independent measures on extracts from different leaves
(n=3). The actinic light used in NPQ determination was 1000 pmol m s!. Error bars represent
standard error (S.E.; n=3). Different capital letters mean significant differences between light
regimes and different lowercase letters represent significant differences between plant lines,

according to Tukey’s test, p<0.05.
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Figure S1. Phenotypic characterization of apx§ silenced rice lines. Plants were cultivated under

greenhouse conditions (30+5 °C, 50+20 % humidity, maximum PPFD average of 850 umol? s~

!'at noon and 12 hours of photoperiod) for 120 days. (A) Shoot length, measured from the colm

basis to the top of highest leaf, (B) shoot biomass, (C) total seed productivity and (D) mass of

100 seeds. Columns represent average of 6 independent plants (n=6) and error bars means

standard deviation. Different letters represent significant difference at 0.05 confidence level

(Tukey’s test) among rice lines.
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Figure S2. Maximum photosynthetic quantum efficiency (Fv/Fm) measured in leaves from
non-transformed (NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants
were acclimated to 400 pE m? s and 12 h photoperiod. Fv/Fm values are average of 24
independent measures on different leaves (n=24). Error bars represent standard error (S.E).
Different letters represent significant difference between the two plant lines, analysed by

Tukey’s test, p<0.05.
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Figure S3. Maximum potential PSII quantum yield (Fv/Fm) and non-photochemical quenching

(NPQ) measured in leaf segments from non-transformed (NT) rice plants. Plants grown at 400

LE m-2 s-1 and 12 h photoperiod. Leaf segments were infiltrated with 4 uM nigericin (NIG) or

30 uM pCMB (pCMB), inhibitors of aApH and APX activity, respectively. The values represent

average of 3 independent assays on performed different leaves (n=3). Error bars represent

standard error (S.E.). Different capital letters mean significant differences between light

regimes and different lowercase letters represent significant differences between chemical

treatments.
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Table S1. State transition-related parameters determined on leaves from non-transformed (NT)
and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400 pE m™
s' and 12 h photoperiod. The values represent average of 8 independent determinations and =+

values mean the standard error (n=8). The determinations were performed according to Ruban

et al., (1999).

qT qS
NT 0.065+0.007 0.95+0.014
apx$8 0.069+0.003 0.96+0.011
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Figure S4. Photosynthesis-CO» fitted curves (A-Ci) measured in leaves from non-transformed
(NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400
uE m?2 s and 12 h photoperiod and then transferred to 1,800 uE m™ s for 4 days (HL-4d).
Photosynthetic values are expressed in pmol CO, m™ s™! and are average of 3 independent

measures from different leaves (n=3). Error bars represent standard error (S.E.).
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Figure SS. Photosynthetic CO> assimilation (Pn) measured in leaves from non-transformed
(NT) and thylakoidal ascorbate peroxidase 8 silenced (apx8) rice plants. Plants grown at 400
umol m? s and 12 h photoperiod and then were sprayed with a solution containing 125 uM
methyl-viologen (MV) and 0.01% Triton-X 100 (v/v). The Pn values were noted after 0, 6 12
and 24 hours of MV exposure and are average of 3 independent measures on different leaves
(n=3). During MV treatment, the plants were exposed to continuous light (400 uE m2s™). Error
bars represent standard error (S.E.). Different capital letters means significant differences
between time of MV exposure and different lowercase letters represent significant differences

between plant lines/MV concentrations.
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CONCLUSION

The data reported in the current doctoral thesis allow reaching the following main

conclusions:

1.

Use of the new fluorimetric-based methodology described by Ruban and Murchie
(2012), which is related to photochemical quenching quantification in the dark (qPd),
is an effective methodology for photoinhibition monitoring.

New gqPd methodology was successfully employed in different plant species (4.
thaliana and O. sativa) and distinct physiological contexts, such as ontogenetic
variations, different light regimes and increased chloroplastic H>O> production
(silenced apx8 plants), corroborating its great potential.

Photoprotection and qPd stability is closely related to efficiency of pNPQ formation.
These results were evidenced in crops for the first time.

Experimental data suggest a close relation between pNPQ efficiency and
photosynthetic pigments content, especially chlorophyll and carotenoids. In addition,
pNPQ parameter apparently is dependent on antioxidative metabolism.

Accordingly, rice plants silenced for thylakoidal APX acclimated to moderate light
conditions exhibit higher ROS accumulation, reduced chlorophyll content and are
more susceptible to photoinhibition than NT plants. These features might have been
related to impaired growth and productivity.

Interestingly, apx8 plants still capable of acclimation to high light conditions. This
ability probably was related with ROS scavenging compensatory mechanisms

triggering, displaying normal chlorophyll contents and NPQ formation.
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Correspondence The biochemical mechanisms underlying the involvement of cytosolic
*Coesponding author, ascorbate peroxidases (cCAPXs) in photosynthesis are still unknown. In
emalk siveiraQuichr this study, rice plants doubly silenced in these genes (APX1/2) were
Received 26 October 2013; exposed to moderate light (ML) and high light (HL) to assess the role
revised 27 November 2013 of cAPXs in photosynthetic efficiency. APX1/2 mutants that were exposed
to ML overexpressed seven and five proteins involved in photochemical
activity and photorespiration, respectively. These plants also increased the
pheophytin and chlorophyll levels, but the amount of five proteins that are
important for Calvin cycle did not change. These responses in mutants were
associated with Rubisco carboxylation rate, photosystem Il (PSII) activity and
potential photosynthesis, which were similar to non-transformed plants. The
upregulation of photochemical proteins may be part of a compensatory
mechanism for APX1/2 deficiency but apparently the finer-control for
photosynthesis efficiency is dependent on Calvin cycle proteins. Conversely,
under HL the mutants employed a different strategy, triggering downregulation
of proteins related to photochemical activity, Calvin cycle and decreasing the
levels of photosynthetic pigments. These changes were associated to strong
impairment in PSII activity and Rubisco carboxylation. The upregulation of
some photorespiratory proteins was maintained under that stressful condition
and this response may have contributed to photoprotection in rice plants
deficient in cAPXs. The data reveal that the two cAPXs are not essential for
photosynthesis in rice or, alternatively, the deficient plants are able to trigger
compensatory mechanisms to photosynthetic acclimation under ML and
HL conditions. These mechanisms involve differential regulation in protein
expression related to photochemistry, Calvin cycle and photorespiration.
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HL, high light; Lhcb1, chlorophyll a/b binding protein type 1; ML, moderate light; NPQ, non-photochemical quenching; NT,
non-transformed rice plants; PGK, phosphoglycerate kinase; PSII, photosystem II; P, photochemical quenching; qRT-PCR,
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ABSTRACT
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The inactivation of the chloroplast ascorbate peroxidases (chlAPXs) has been thought to limit the effi-
ciency of the water-water cycle and photo-oxidative protection under stress conditions. In this study, we
have generated double knockdown rice (Oryza sativa L.) plants in both OsAPX7 (sAPX) and OsAPX8 (tAPX)
genes, which encode chloroplastic APXs (chlAPXs). By employing an integrated approach involving gene
expression, proteomics, biochemical and physiological analyses of photosynthesis, we have assessed the
role of chlAPXs in the regulation of the protection of the photosystem II (PSII) activity and CO, assimila-
tion in rice plants exposed to high light (HL) and methyl violagen (MV). The chlAPX knockdown plants

gfzza;:;va were affected more severely than the non-transformed (NT) plants in the activity and structure of PSIl and
Rice CO, assimilation in the presence of MV. Although MV induced significant increases in pigment content
APX in the knockdown plants, the increases were apparently not sufficient for protection. Treatment with HL
Ascorbate peroxidase also caused generalized damage in PSII in both types of plants. The knockdown and NT plants exhibited
Photosynthesis differences in photosynthetic parameters related to efficiency of utilization of light and CO,. The knock-
Oxidative stress down plants overexpressed other antioxidant enzymes in response to the stresses and increased the GPX

activity in the chloroplast-enriched fraction. Our data suggest that a partial deficiency of chlAPX expres-
sion modulate the PSII activity and integrity, reflecting the overall photosynthesis when rice plants are
subjected to acute oxidative stress. However, under normal growth conditions, the knockdown plants
exhibit normal phenotype, biochemical and physiological performance.

© 2013 Elsevier Ireland Ltd. All rights reserved.

Abbreviations: APX, ascorbate peroxidase; AsA, ascorbate; cAPX, cytosol APX; CAT, catalase; chlAPX, chloroplastic APX; Ci, intercellular concentration of CO,; E, transpi-
ration; ETR, apparent electron transport rate; EXC, energy excess; Fy/Fy,, potential quantum yield of photosystem II; GPX, glutathione peroxidase; gs, stomatal conductance;
H203, hydrogen peroxide; HL, high light; Jmax, maximum photosynthetic electron transport; mAPX, peroxisome/glyoxysomes APX; miAPX, mitochondria APX; MV, methyl
violagen; NPQ, non-photochemical quenching; NT, non-transformed: PET, photosynthetic electron transport; Py-Ci, photosynthesis depending on the intercellular con-
centration of CO,; Py-PPFD, photosynthesis depending on light intensity; Py, net CO; assimilation; PPFD, photosynthetic photon flux density; PQ, plastoquinone pool; P;,
photorespiration; PSI, photosystem [; PSII, photosystem II; qP, photochemical quenching; Rq, light respiration; Ry, dark respiration; ROS, reactive oxygen species; RT-qPCR,
quantitative real-time PCR; sAPX, stroma APX; SOD, superoxide dismutase; tAPX, thylakoid APX; TBARS, thiobarbituric acid-reactive substances; Vemax, maximum Rubisco
carboxylation rate; AF,/F},, actual quantum yield of photosystem II.
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ARTICLE INFO ABSTRACT
Artide histary: Salinity is a stressful condition that causes a significant decrease in crop production worldwide. Salt stress affects
Received 29 December 2015 several photosynthetic reactions, including the modulation of several important proteins. Despite these effects
Received inrevised form 12 February 2016 few molecular-biochemical markers have been identified and evaluated for their importance in improving plant
:“""‘ ;";‘:ﬁ“ salt resistance. Proteomics is a powerful tool that allows the analysis of multigenic events at the post-translational
level that has been widely used to evaluate protein modulation changes in plants exposed to salt stress However,
Keywords: these studies are frequently fragmented and the results regarding photosynthesis proteins in response to salinity
Phosphoproteomics are limited. These constraints could be related to the low number of impartant photosynthetic proteins differently
Photasy ithesis proteins modulated in response to salinity, as has been commonly revealed by conventional prateomics. In this review, we
Redax proteomics present an evaluation and perspective on the integrated ap plication of proteomics for the identification of phatosyn-
Thiol proteomics thesis prateins to improve salt resistance. We propose the use of phospho-, thiol- and redox-p roteomics, asociated
Salinity with the utilization of isolated chloraplasts or photosynthetic sub-organellar components. This strategy may allow
the characterization of essential proteins, providing a better understanding of photosynthesis regulation. Further-
more, this may contribute to the selection of molecular markers to improve salt resistance in crops.
© 2016 Elsevier BV. All rights reserved.
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1. Introduction modulation of several proteins in response to salt stress in a diverse va-

riety of crops [1]. Studies in intact leaves have involved proteins related

During the last few years, numerous studies have been published
involving the utilization of proteomics techniques to evaluate the
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hatp /A doi 01g/10.101 6/} jprot201 603013
1874-3919/0 2016 Ekse vier B.V. All rights reserved.

to various important physiological processes, such as photosynthesis,
energetic, primary metabolism, antioxidant proteins and others [2].
Photosynthesis is one of the most important processes related to crop
productivity and is extremely sensitive to salt stress. Paradoxically,
few studies have been published invalving photosynthetic protein mod-
ulation toimprove salt resistance. Unexpectedly, although proteomics is
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Abstract

Plant glutathione peroxidases (GPX) catalyze the reduction of H;O, or organic hydroperoxides to water. mitigating the
toxicity of these compounds to cells. In rice plants. the GPX gene family is composed of five members that are
distributed in a range of sub-cellular ¢ s. mcluding cytosol, mitochondria. chloroplasts. or endoplasmic
reticulum. Of these. OsGPX]1 and OsGPX4 are located i mitochondna and chloroplasts. respectively. To understand
the role of these GPX in rice, the effect of knockdown of OsGPX] and OsGPX¥ in rice plants was evaluated. Our data
show that OsGPX4 was essential for in vifro rice regeneration because no plants were obtained from calli carrying a
hairpin construct against OsGPX4. Although the knockdown of OsGPXI did not impair plant regeneration, the plants
with silenced OsGPX1 (GPXIs plants) showed reduced shoot length and a reduced number of seeds compared to the
non-transformed rice plants. These results indicate that OsGPX1 and OsGPX4 are essential for redox homeostasis
which leads to normal growth and development in rice.

Additional key words: glutathione peroxidase, hairpin construct, in vitro regeneration, Oryza sativa, oxidative stress, seed production.
transgenic plants.

Reactive oxygen species (ROS), which are generated
during normal plant development. act as signaling
molecules and regulate essential processes. They are
generated in toxic concenfrations during biotic and
abiotic stresses (Halliwell et al. 2006, Faltin ef al. 2010).
To maintain redox homeostasis, ROS-scavenging systems
use thiol-containing proteins as redox transducers (Foyer
and Noctor 2005) as well as ascobate peroxidase (APX),
catalase (CAT). superoxide dimmstase (SOD). and non-
enzymatic compounds ascorbate (Asc)., ghutathione
(GSH) tocopherols, and carotenoids (Koh et al. 2007).

Plant glutathione peroxidases (GPX) preferentially use
thioredoxin as electron donor to catalyze the reduction of
H,O, or organic hydroperoxides to water or
corresponding alcohols (Herbette ef al. 2007). Contrary to
most plant GPX. mammalian isoforms carry seleno-

Received 4 February 2013, accepted 18 October 2013.

cysteine in therr active site, allowing them to
preferentially use glutathione as electron donor (Herbette
et al. 2007). In plants, GPXs are involved in biotic and
abiotic stress responses (Milla ef al. 2003, Navrot ef al.
2006, Xu ef al. 2012, Zhang et al. 2012). For example, in
Arabidopsis thaliana, a GPX loss or gain of function
mmitants demonstrated the role of these enzymes in H,O,
scavenging, signal transduction. photo-oxidative stress
tolerance, and nuclear DNA damage protection (Miao ef
al. 2006, Chang ef al. 2009, Gaber ef al 2012). To
understand the role of GPX in rice, we tried to obtamn
transgenic rice plants that were silenced for the whole
GPX family. In the cument study, we present the
characteristics of OsGPXI or OsGPX4 rice knock-down
transgenic plants. The transformation of rice calli with a
hairpin construct targeted to chloroplastic OsGPX4

Abbreviations: GPX - glutathione peroxidase; gPCR - quantitative polymerase chamn reaction.
Acknowledgments: This work was supported by the Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq),
Coordenagio de Aperfeicoamento de Pessoal de Nivel Supenor (CAPES), and the International Centre for Genetic Enzineenng and

Biotechnology (ICGEB).
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ABSTRACT

The physiological role of peroxisomal ascorbate peroxidases
(pAPX) is unknown; therefore, we utilized pAPX4 knock-
down rice and catalase (CAT) inhibition to assess its role in
CAT compensation under high photorespiration. pAPX4
knockdown induced co-suppression in the expression of
PAPX3. The rice mutants exhibited metabolic changes such
as lower CAT and glycolate oxidase (GO) activities and
reduced glyoxylate content: however, APX activity was not
altered. CAT inhibition triggered different changes in the
expression of CAT, APX and glutathione peroxidase (GPX)
isoforms between non-transformed (NT) and silenced plants.
These responses were associated with alterations in APX,
GPX and GO activities, suggesting redox homeostasis differ-
ences. The glutathione oxidation-reduction states were
modulated differently in mutants, and the ascorbate redox
state was greatly affected in both genotypes. The pAPX suf-
fered less oxidative stress and photosystem II (PSII) damage
and displayed higher photosynthesis than the NT plants. The
improved acclimation exhibited by the pAPX plants was
indicated by lower H,0, accumulation, which was associated
with lower GO activity and glyoxylate content. The suppres-
sion of both pAPXs and/or its downstream metabolic and
molecular effects may trigger favourable antioxidant and
compensatory mechanisms to cope with CAT deficiency. This
physiological acclimation may involve signalling by
peroxisomal H,O,, which minimized the photorespiration.

Key-words: Oryza sativa; ascorbate peroxidase; H,O, homeo-
stasis; oxidative stress; photorespiration; signalling.

INTRODUCTION

Despite the great advances in the understanding of oxidative
metabolism in plants in the last decades (to review see Foyer
& Noctor 2011), several contradictory data involving the clas-
sical antioxidant pathways have frequently been reported
(Rizhsky et al. 2002; Miller et al. 2007; Koussevitzky et al.
2008; Carvalho et al. 2014). In addition, the physiological role

Correspondence: J. A. G. Silveira. Fax: 55 085-33669789; e-mail:
silveira@ufc.br

© 2014 John Wiley & Sons Ltd

displayed by some ascorbate peroxidase (APX) isoforms,
especially peroxisomal isoforms, is poorly known. APX is
coded by a gene family that is widely represented in plants,
and the existence of two peroxisomal APX (pAPX)
isozymes, which are targeted for bind to the external surface
of peroxisomal membranes, has been confirmed in
Arabidopsis (Panchuk et al. 2002; Narendra et al. 2006). A
third isoform possibly targeted to the peroxisomal matrix has
also been reported (Panchuk eral. 2002). These isoforms
were initially characterized many years ago (Yamaguchi ef al.
1995; Bunkelmann & Trelease 1996; Mullen et al. 1999). In
rice, two peroxisomal APX isoforms, OsAPX3 and OsAPX4,
have been characterized, and both enzymes are also targeted
for membranes (Teixeira et al. 2004, 2006).

The most important remaining questions concern the
importance of pAPX in HO: scavenging during
photorespiration and its possible role in signalling and
peroxisome-cytosol cross-talking. The results reported to
date remain controversial, but suggest that pAPX is impor-
tant in the absence or in complement to catalase (CAT)
(Wang et al. 1999). Works in which pAPX was overexpressed
in Arabidopsis have suggested that transgenic plants are
more resistant to certain abiotic stresses (Kavitha et al. 2008),
oxidative stress generated by CAT inhibition (Wang et al.
1999) and methyl viologen (Kavitha et al. 2008). Tobacco
transgenic plants that overexpress pAPX from Salicornia
brachiata have displayed higher seed germination under
osmotic and saline conditions (Singh er al. 2014). Neverthe-
less, a study conducted with pAPX3 knockout (KO)
Arabidopsis grown under normal growth conditions and
exposed to salt, chilling and heat stresses clearly showed that
this gene or the encoded protein is dispensable for plant
growth and development (Narendra et al. 2006).

Peroxisomal APX isoenzymes may act in concert with
other peroxidases in peroxisomes, especially CAT. High
photorespiratory H,O, production in C3 plants subjected to
abiotic stress is common, and under extreme situations, the
photorespiration might represent up to 50% of Rubisco
activity (Peterhansel & Maurino 2011). CAT has a high Ku
for H20,, whereas pAPX has high affinity for this substrate
(Yamaguchi et al. 1995). The simultaneous activities of both
enzymes are important because they allow the elimination of

1
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Abstract The physiological role of plant mitochondrial
glutathione peroxidases is scarcely known. This study
attempted to elucidate the role of a rice mitochondrial
isoform (GPX1) in photosynthesis under normal growth and
salinity conditions. GPX1 knockdown rice lines (GPX1s) were
tested in absence and presence of 100 mM NacCl for 6 d.
Growth reduction of GPXts line under non-stressful
conditions, compared with non-transformed (NT) plants
occurred in parallel to increased H,0, and decreased GSH
contents. These changes occurred concurrently with
photosynthesis impairment, particularly in Calvin cycle’s
reactions, since photochemical efficiency did not change.
Thus, GPX1 silencing and downstream molecular/metabolic
changes modulated photosynthesis differentially. In con-
trast, salinity induced reduction in both phases of photo-
synthesis, which were more impaired in silenced plants.
These changes were associated with root morphology
alterations but not shoot growth. Both studied lines
displayed increased GPX activity but H,0, content did not

change in response to salinity. Transformed plants exhibited
lower photorespiration, water use efficiency and root
growth, indicating that GPX1 could be important to salt
tolerance. Growth reduction of GPXis line might be related
to photosynthesis impairment, which in turn could have
involved a cross talk mechanism between mitochondria and
chloroplast originated from redox changes due to GPX1
deficiency.

Keywords: CO, assimilation; glutathione peroxidase; Oryza sativa;
photochemistry; redox homeostasis
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INTRODUCTION

Glutathione peroxidases (GPX, EC 1.1.1.9) are largely distrib-
uted in animal cells, where they play several important
physiological roles such as H,0, scavenging, maintaining of
cellular redox homeostasis and membrane protection against
peroxidation (Herbette et al. 2007). Plants also have a large
family of GPX isoforms distributed in virtually all cellular
compartments (Margis et al. 2008; Passaia and Margis-Pinheiro

Abbreviations

A CO, assimilation rate

y, — maximum photosynthetic rate

G intercellular CO, partial pressure

E leaf transpiration

ETR actual electron transport rate from PSII
FulFm maximum quantum yield of PSII

GPX glutathione peroxidase

g stomatal conductance

GSH reduced glutathione

Jmax maximum electron transport rate
15 stomatal limitation

b metabolic limitation

www.jipb.net

2015). Differently from animal GPX, the physiological role of
these peroxidases in plants is less known (Faltin et al. 2010;
Gaber et al. 2012; Zhai et al. 2013). Despite the several
experimental evidences that have suggested that plant GPX
family displays some similarroles of those played inanimals, the
physiological functions of specific isoforms are still unknown
(Passaia et al. 20143; Passaia and Margis-Pinheiro 2015). These
enzymes might act as antioxidants in the elimination of H,0,,
organic hydroperoxides and/or lipid peroxides (Faltin et al.

NPQ non-photochemical quenching

PPFD photosynthetic photon flux density

P, photorespiration

PSIl photosystem Il

qP photochemical quenching

Ra dark respiration

ROS reactive oxygen species

TBARS thiobarbituric acid reactive substances
VCmax ~ Maximum carboxylation rate of Rubisco
WUE water use efficiency

a quantum efficiency
AF[F,/  effective quantum yield of PSII
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Seedling establishment in saline conditions is crucial for plant survival and productivity. This study was
performed to elucidate the biochemical and physiological mechanisms involved with the recovery and
establishment of cashew seedlings subjected to salinity. The changes in the Na+ levels and K/Na ratios,
associated with relative water content, indicated that osmotic effects were more important than salt
toxicity in the inhibition of seedling growth and cotyledonary protein mobilization. Salinity (50 mM
NaCl) induced a strong delay in protein breakdown and amino acid accumulation in cotyledons, and this
effect was closely related to azocaseinolytic and protease activities. In parallel, proline and free amino
acids accumulated in the leaves whereas the protein content decreased. Assays with specific inhibitors
indicated that the most important proteases in cotyledons were of serine, cysteine and aspartic types.
Proteomic analysis revealed that most of the cashew reserve proteins are 11S globulin-type and that
these proteins were similarly degraded under salinity. In the late establishment phase, the salt-treated
seedlings displayed an unexpected recovery in terms of leaf growth and N mobilization from cotyledon
to leaves. This recovery coordinately involved a great leaf expansion, decreased amino acid content and
increased protein synthesis in leaves. This response occurred in parallel with a prominent inductionin the
cotyledon proteolyticactivity. Altogether, these data suggest thata source-sink mechanism involving leaf
growth and protein synthesis may have acted as an important sink for reserve mobilization contributing
to the seedling establishment under salinity. The amino acids that accumulated in the leaves may have
exerted negative feedback to act as a signal for the induction of protease activity in the cotyledon. Overall,
these mechanisms employed by cashew seedlings may be part of an adaptive process for the efficient
rescue of cotyledonary proteins, as the cashew species originates from an environment with N-poor soil
and high salinity.

Keywords:

Anacardium occidentale
Plant establishment
Protein metabolism
Proteases

Salinity

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Seedling establishment is a physiological process that is essen-
tial to plant survival, especially under adverse conditions such as

Abbreviations: 2-DE, two dimensional electrophoresis; DAS, days after sowing; salinity and low availability of mineral nutrients in soils. Under

E-64, 10 uM trans-epoxysuccinyl-L-leucylamide (4-guanidine) butane; ESI, elec-

trospray ionization; PEPS, pepstatin; PMSF, phenylmethylsulfonyl fluoride; Q-TOF,
quadrupole time-of-flight; RWC, relative water content; SSP, seed storage protein;
UA, unity of activity; Ws, osmotic potential.

* Corresponding author at: Avenida Humberto Monte SN, Universidade Federal
do Ceara - Campus do Pici, Departamento de Bioquimica e Biologia Molecular, Bl.
907, sala 1080, CEP 60451-970, Fortaleza, Ceara, Brazil. Tel.: +55 85 33669821;
fax: +55 85 33669789.

E-mail address: silveira@ufc.br (J.A.G. Silveira).
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0176-1617/© 2014 Elsevier GmbH. All rights reserved.

these conditions, germination and cotyledonary reserve mobiliza-
tion are delayed, and seedling growth is strongly diminished (Voigt
et al.,, 2009). Salinity may disturb these processes by osmotic and
ionic effects, but the seed water absorption affected by these pro-
cesses is crucial for germination (Wierzbicka and Obidzifska, 1998;
Thomas et al., 2010; Marques et al., 2013). The ionic or osmotic
effects of salinity on germination and reserve mobilization are
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Abstract: The maintaining of H202 homeostasis and signaling mechanisms in
plant subcellular compartments are greatly dependent on cytosolic
ascorbate peroxidases (APX1l and APX2) and peroxisomal catalase (CAT)
activities. APX1/2 knockdown plants were utilized in this study in order
to clarify the role of increased cytosolic H202 levels as a signaling for
trigger antioxidant defense against oxidative stress generated in
peroxisomes after 3-aminotriazole-inhibited catalase (CAT). Before 3-AT
supplying, silenced APX1/2 plants showed deep changes in oxidative and
antioxidant profile in comparison to NT plants. After 3-AT supplying,
APX1/2 plants triggered up-expression of genes belonging to APX (OsAPX7
and OsAPX8) and GPX families (0sGPX1l, 0sGPX2, 0sGPX3 and 0sGPX5), but in
lower extent compared to NT plants. In addition, APX1/2 exhibited lower
glycolate oxidase (GO) activity, higher CO2 assimilation, higher cellular
integrity and higher oxidation of GSH, whereas the H202 and lipid
peroxidation levels were maintained unchanged. These evidences indicate
that redox pre-acclimation displayed by silenced rice contributed to cope
with oxidative stress generate by 3-AT. We suggest that APX1/2 plants
were able to trigger alternative oxidative and antioxidant mechanisms
involving signaling by H202, allowing these plants to display effective
physiological responses for protection against oxidative damage generated
by 3-AT, compared to non-transformed plants.
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Abstract: Salinity and osmotic stress trigger distinct signals in roots,
which might induce differences in antioxidant responses. To clarify these
relationships, transgenic rice plants silenced in both cytosolic
ascorbate peroxidases (apxl/2) and non-transformed (NT) were exposed to
iso-osmotic concentrations of NaCl and mannitol. Under both stress
conditions, apxl1l/2 roots did not suffer oxidative stress, revealing that
cytosolic APXs were not crucial to oxidative protection. Silenced and
non—-transformed roots triggered different responses to high salinity and
osmotic stress and these stressful factors induced also distinct
antioxidant changes. High salinity up-regulated expression of important
OsAPX isoforms and these changes were related to increased APX activity,
especially in NT roots. Intriguingly, salt stress triggered up-
regulation of OsCAT isoforms but CAT activity did not change in both
genotypes. In contrast, mannitol trigged very low increment in expression
of OsAPX isoforms but induced substantial up-regulation in APX activity
in NT roots. Mannitol also remarkably up-regulated OsCATB expression in
parallel to CAT activity, in both apx1/2 and NT roots. POD and GPX
(glutathione peroxidases) activities were strongly increased by high
salinity but did not change in response to mannitol, in both genotypes.
The two stress types as well as apxl/2 and NT roots displayed different
response in terms of modulation in the H202 levels but lipid peroxidation
did not change. Membrane integrity was drastically affected by both
stressful factors and similarly in both genotypes, whereas root fresh
matter was affected only by salt stress. Altogether, the obtained data
reveal that high salinity and osmotic stress trigger different
antioxidant responses and these strategies were genotype-dependent. The
different antioxidant molecular-biochemical mechanisms employed by
cytosolic APX knockdown and non-transformed roots allowed reaching
similar physiological performance.
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